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Abstract 
Soil is a vital and non-renewable resource, which performs many important functions. Soil quality 
management is faced with a number of challenges including overcoming objections to policies for 
soil protection, and the resource requirements implementation will entail. Further to this, soil is 
often neglected, as it is not high on the public or regulatory agenda. This work has focused on 
collecting large and cost effective data sets and raising awareness of soil, through the use of 
members of the public or ‘citizen scientists’. The aim of this PhD research was to assess the 
challenges facing soil protection and to evaluate role of citizen science for this purpose.  
The emergence of policies dealing with soil degradation is likely to increase the requirement for 
soil quality assessment. Despite this, there remains an issue with soil protection policy, which has 
not been implemented to the same extent as for water and air policy. To increase understanding of 
these issues, this work evaluated soil quality, and the reservations which it faces. Findings reveal 
the need for a method of assessment that is not soil function dependent, but uses a number of 
cross-functional indicators. Examination of the policy drivers for water and air highlight the 
importance of moving toward more holistic management and protection of soil. To help to address 
challenges for soil protection policy, this work proposes a set of indicators that can be collected by 
members of the public, and which can be used to direct further detailed soil quality assessment. 
With the need for evidence based policy, and recognition that involving the public in 
environmental monitoring is an effective way of increasing understanding and commitment, there 
has been growing interest in public surveys. The development of a mass public soil survey, the 
Open Air Laboratories (OPAL) Soil and Earthworm Survey, is presented as an example of public 
participation in soil surveys. This approach can deliver improvements in the quality of the 
evidence collected and provide effective public involvement in policymaking and implementation, 
on top of direct educational benefits. Such data from the public have been analysed to provide 
information about soils and earthworm distributions, and has indicated apparent differences in 
earthworm abundance across England. Investigation of the reliability of patterns shows the 
importance of following up apparent findings from public data with more detailed investigation. 
Examination of patterns in public data provided important information on threats to soil, and has 
allowed further examination of the main environmental drivers of earthworm distribution, as well 
as distribution and fate of contaminants.  
The work highlights the important role to be played by members of the public in the move toward 
a holistic and harmonised protection of soil resources, with great value in public participation in 
data collection, education and policy formation.  
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 1 
1 Introduction 
‘The nation that destroys its soil destroys itself’ 
Franklin D. Roosevelt,  32nd President of the United States (1933–1945), in a letter to all state 
governors on a Uniform Soil Conservation Law on the 26th February 1937. 
The survival of human communities has always depended, and still depends on environmental 
goods including soil, not least because historically people have produced most of their food from 
plants grown in soil (McNeill et al. 2010). Soil is the Earth’s infrastructure for the resources that 
sustain our civilisations and our futures (Brown 2011), Figure 1.1. There have been several accounts 
that document the decline of civilisations throughout history in parallel with the destruction of 
their soil (Whitney 1925, Hyams 1952, Lowdermilk 1953, Dale et al. 1955, Hillel 1992, Montgomery 
2008, Andrews 2011). Beyond human civilisations, the thin layer of soil covering the surface of the 
earth represents the difference between survival and extinction for most land-based life (Doran 
2002b). Almost all of the food and fibres used by humans are produced on soil, which is essential 
for water and ecosystem health. It is second only to the oceans as a global carbon sink, with 
important implications for anthropogenic climate change. For soil to carry out the functions which 
humans require of it depends on a multitude of soil organisms, which makes it an important part 
of our biodiversity (European Environment Agency 2010). Although it can be formulated and 
restructured to support plant growth, soil is generally considered an essential and limited resource, 
non-renewable on human time scales, taking thousands or even millions of years to develop 
(Schertz 1983, Flickinger 2010, Jenny 1980). 
 
Figure 1.1 Importance of soil as a foundation for society and the future stability of 
civilisations (Janzen et al. 2011) 
 2 
The quality and health of soil determines agricultural sustainability (Acton et al. 1995), 
environmental quality (Pierzynski et al. 2005), and consequently, plant, animal, and human health 
(Haberern 1992, Doran 2002a). Examples of the abuse of soil span from early Mesopotamia, ancient 
Greece and Rome, Mesoamerican civilizations, and islands such as Easter Island, to recent 
examples of erosion in North America and East Asia. Perhaps the most famous incidence of soil 
degradation was the erosion on American and Canadian prairie lands during the 1930s, known as 
the ‘Dust Bowl’. 
Unlike water and air, soils often receive little attention in terms of resource protection. The 
protection of our soil resources has however recently become a significant political, as well as 
environmental, objective (CEH 2011a). There is a realisation that development and implementation 
of soil protection policies is necessary to prevent negative effects on human health, ecosystems, 
climate change and for the protection of biodiversity (Potočnik 2010, Bardos 2010, Gardi et al. 
2009b). Soil quality is a regulating ecosystem service, which has been adversely affected by 
pressures from the expansion of agriculture, forestry, and new settlements to meet the needs of the 
growing population (UNEP-WCMC 2011). 
In 1977, the degradation of soil was the subject of the United Nations Conference on 
Desertification (UNCOD) where a Plan of Action to Combat Desertification (PACD) was adopted 
(United Nations 1977). Despite this and further efforts, the United Nations Environment 
Programme (UNEP) concluded in 1991 that the problem of land degradation in arid, semi-arid and 
dry sub-humid areas had intensified (Chinyamakobvu 2008).  
The Rio Declaration on Environment and Development (Agenda 21) adopted by more than 178 
Governments at the United Nations Conference on Environment and Development (UNCED) in Rio 
de Janerio, Brazil, June 1992, explicitly addressed the problem of land degradation (United Nations. 
1992). The United Nations Convention to Combat Desertification in Those Countries Experiencing 
Serious Drought and/or Desertification, Particularly in Africa (UNCCD) is the only convention that 
emerged directly from the recommendations of Agenda 21 and is the first and only internationally 
legally binding framework set up to address the problem of desertification. The convention aims to 
combat desertification and mitigate the effects of drought through national action programs that 
incorporate long-term strategies supported by international cooperation and partnership 
arrangements. It was adopted in Paris on 17 June 1994 and came into force in December 1996 
(UNCCD Secretariat 1994). 
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Despite these measures, soil degradation remains a serious and largely unresolved problem, with 
the UN Commission on Sustainable Development stating that ‘The biggest challenge of current EU 
land policy is soil protection’ (UN Commission on Sustainable Development 2009). Land 
degradation remains an important global issue due to the adverse impacts on agricultural 
productivity, the environment, food security, and the quality of life (Eswaran et al. 2001).  
The Global Assessment of Soil Degradation (GLASOD) remains the most influential assessment of 
global land degradation (Coxhead et al. 2007). The results of GLASOD suggest that about 560 
million hectares of farmland had been degraded – or 38% of the total. Permanent loss of farmland 
due to human-induced land degradation was estimated to be 5–6 million hectares per year, or 
about 0.3 to 0.5 % of the world’s arable land area (Coxhead et al. 2007). It has been estimated that 
23 per cent of all usable land (e.g. excluding mountains and deserts) has been affected by 
degradation to a degree sufficient to reduce its productivity (UNEP 1992, Oldeman et al. 1991, UNEP 
2002). In the early 1990s, around 910 million hectares of land were classified as 'moderately 
degraded', with greatly reduced agricultural productivity. Soils designated as 'strongly degraded' 
(296 million ha) and 'extremely degraded', soils which are beyond restoration (9 million ha) 
together cover 305 million hectares (Oldeman et al. 1991, UNEP 2002). 
At the European Union (EU) level, soils are increasingly regarded as an important natural resource 
to be protected. Soil in many parts of Europe is being over-exploited, degraded and irreversibly lost 
due to impacts from industrial activities and land use change. An estimated 52 million hectares, 
representing more than 16% of the total land area of the EU, is affected by some kind of 
degradation process, Table 1.1. In the newer member states, this figure rises to 35% (Jones et al. 
2005). Due to these problems, legislation for the protection of soils has been proposed at EU level 
(European Environment Agency 2010). The Commission adopted a Soil Thematic Strategy (EC 
2006a) and proposed a Soil Framework Directive (SFD) (EC 2006d) on 22 September 2006 with the 
objective to protect soils across the EU. Despite having highlighted the sustainable use of soil as a 
priority in the 6th European Environmental Action, the Council has not been able to make full 
progress on this issue, particularly by the failure to adopt the proposed SFD (EC 2011). The proposed 
SFD sets out common principles for protecting soils across the EU (EC 2006D). It proposes that 
Member States identify areas at risk of soil degradation, as well as to set up an inventory of 
contaminated sites. Despite extensive discussions on the subject, several EU member states remain 
highly critical of the proposed directive. These delegations oppose the proposal on grounds of the 
subsidiarity and proportionality principles, expected costs and administrative burden and, 
furthermore, question its added-value in relation to existing Union law (EC 2010e).  
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Table 1.1 State of soil degradation in Europe (European Environment Agency 2010) 
Soil Degradation 
Process 
Extent of Problem in Europe 
Erosion 105 million ha, or 16 % of Europe's total land area (excluding Russia), were estimated to 
be affected by water erosion in the 1990s. 42 million ha are affected by wind erosion. 
Organic matter decline Some 45 % of soils in Europe have low or very low organic matter content (0–2 % 
organic carbon) and 45 % have a medium content (2–6 % organic carbon). This issue is 
found especially in southern European countries, as well as in parts of France, the 
United Kingdom, Germany, Norway and Belgium. 
Compaction Some authors estimate 36 % of European subsoil as having high or very high 
susceptibility to compaction. Other sources report 32 % of soils being highly vulnerable 
and 18 % moderately affected. 
Salinisation Affects approximately 3.8 million hectares in Europe. 
Landslides Until now there are no data on the total area affected in the EU 
Contamination The number of sites where potentially polluting activities have taken place now stands 
at approximately 3 million. 
Sealing On average, built-up and other man‑made areas take up around 4 % of the total area in 
European economic area countries (data exclude Greece, Switzerland and the United 
Kingdom), but not all of this is actually sealed. In the decade 1990–2000, the sealed 
area in the EU-15 increased by 6 %, and productive soil continues to be lost to urban 
sprawl and transport infrastructures. 
Biodiversity decline All driving forces mentioned apply (equally) to the loss of soil biodiversity. 
Soil resources vary considerably across Europe, with 10,000 different types of soil, categorised into 
over 320 major soil types (EC 2010f). Due to the variation in soil types, and in economic, social, 
climatic, and environmental factors, soils at risk from degradation processes also vary in extent 
across Europe. 
Interest in evaluating the quality and health of soil has been stimulated by increased awareness 
that soil is a dynamic living resource whose condition is vital to both the production of food and 
fibre and to global balance and ecosystem function (Glanz 1995). 
The increased pressures on soil from human activies, and the difficulties in the implementation of 
policies for soil protection are critical challenges for soil quality management. The large data sets 
required for effective evaluation and monitoring of soil resources presents substantial problems 
due to the resources these are likely to require. For these reasons, the aim of the PhD research 
presented in this thesis was to assess the challenges facing soil quality management and to 
evaluate role of citizen science.  
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2 Background  
2.1 Soil 
2.1.1 Introduction 
Soil is defined, at its simplest, as the top layer of the earth’s crust. It is formed by mineral particles, 
organic matter, water, air and living organisms. Despite the simplicity of this definition, it is in fact 
an extremely complex, variable and living medium. It is the interface between the earth, air and 
water, carrying out numerous functions which are worthy of protection because of their socio-
economic as well as environmental importance. Soils support the agriculture, forestry and 
ecosystems upon which humans and wildlife depend. Sustainable use of soil is crucial to 
maintaining these functions (Towers et al. 2006). The complex nature of soil means that the type 
of soil that a region has depends on many factors. 
2.1.2 Soil Functions 
Soil performs many vital functions, often simultaneously in the same area. The complex processes 
that make up the soil functions can be broadly categorised into seven groups, Figure 2.1: 
1. biomass production; 
2. storing filtering and transforming nutrients, substances and water; 
3. biodiversity pool; 
4. acting as carbon pool; 
5. physical and cultural environment for humans; 
6. source of raw material; 
7. archive of geological and archaeological heritage. 
Number 1 – 4 of these can be designated as ecological functions, and numbers 5 - 7 directly linked 
to human activities, defined as technical, industrial and socio-economic functions (Tóth et al. 
2008).  
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Figure 2.1 Multiple functions of soils, After (Panagos et al. 2010) 
Biomass production 
Biomass production is the ability to provide plants and crops, with the effect of different soils and 
their properties influencing the type of biomass that can be cultivated. This includes agriculture 
and forestry, the production of food, fodder, renewable energy, and raw materials. These well-
known functions are the basis of human and animal life (Tóth et al. 2008). Biomass production is a 
result of the interaction of soil, climatic, terrain conditions and management (Tóth 2010), Figure 
2.2. A number of threats to the productive capacity of soils include damage to soil structure by 
machinery, application of wastes to land, lack of maintenance of nutrient levels together with 
direct loss of agricultural land to building development (Towers et al. 2006). Inappropriate soil 
management can lead to soil erosion, loss of soil organic matter and degradation of soil structure. 
These changes result in a decline in productive capacity, loss of agricultural machinery days and 
loss of nutrients.  
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Figure 2.2 Elements of biomass production. After (Tóth 2010) 
Storing filtering and transforming nutrients, substances and water 
The filtering, buffering and transformation capacity between the atmosphere, ground water and 
the plant cover strongly influences the water cycle at the earth surface. The gas exchange between 
terrestrial and atmospheric systems protects the environment, including human beings against 
contamination of ground water and the food chain, shown in Figure 2.3. These actions are 
important because of the deposition of many solid, liquid and gaseous, organic and inorganic 
compounds that react with soils. These reactions occur through the processes of mechanical 
filtration, physical adsorption or physico-chemical absorption, chelation and precipitation on its 
inner surfaces and microbiological and biochemical mineralisation and metabolisation processes, 
mainly of organic compounds (Tóth et al. 2008). Biochemical reactions are important to global 
cycling through the emission of gasses from the soil to the atmosphere (Conrad 1996). Soils are 
central to the biotransformation of organic carbon; they release CO2 and further trace gases N2O 
and CH4 into the atmosphere, and can involve large-scale feedback of many localised small-scale 
processes. The filtering, buffering and transformation capacities of soil are limited and vary 
according to specific soil conditions (Tóth et al. 2008). With the move towards catchment 
management in water management policies such as the EU Water Framework Directive, the 
maintenance of key soil filtering and transforming functions are fundamental issues (Wesselink et 
al. 2006, The Scottish Government 2008b). 
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Figure 2.3 Soil as a filter, buffer and transformation system between atmosphere, 
biosphere and hydrosphere (Blum 1998) 
Carbon as a Carbon Pool 
Related to soils ability to store, filter and transform it is a significant reservoir of carbon (Schils et 
al. 2008). The global soil carbon pool is 2500 gigatons (Gt), with approximately 1550 Gt of this as 
soil organic carbon and 950 Gt as soil inorganic carbon. The soil carbon pool is 3.3 times the size of 
the atmospheric pool (760 Gt) and 4.5 times the size of the biotic pool (560 Gt). Soil organic 
carbon reserves to a depth of 1-meter range from 30 tons per hectare in arid climates to 800 tons 
per hectare in organic soils in cold regions, with a normal range of 50 to 150 tons hectare (Lal 
2004). The carbon cycle presented in the IPCC 4th Assessment report shows the natural or 
unperturbed exchanges (estimated to be those prior to 1750), and anthropogenic, fluxes among 
oceans, atmosphere and land (IPCC 2007), Figure 2.4. 
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Figure 2.4 Global carbon cycle for the 1990s, showing the main annual fluxes in GtC yr–1: 
pre-industrial ‘natural’ fluxes in black and ‘anthropogenic’ fluxes in red (IPCC 2007).  
Biodiversity pool 
Soils are a biological habitat and gene reserve, which host a variety of organisms. They are a 
reservoir of huge biological diversity containing more species in both number and quantity than all 
other above ground biota in total, and are therefore the main basis of biodiversity. Despite this, the 
contribution of many soil organisms to ecosystem services is however largely unknown (Tóth 
2010). Soils support a number of terrestrial habitats of international significance and should be 
viewed as being an integral part of those habitats (Towers et al. 2006). Human life is dependent on 
soil biodiversity in the near and remote future for maintaining human life, for example the 
development of the antibiotic penicillin from penicillium fungus, which is common in soil. Genes 
sourced from the soil are increasingly becoming important for many technological processes, 
especially in biotechnology and bioengineering (Blum 1998).  
Physical and cultural environment for humans 
Soils provide a physical base for technical, industrial and socio-economic structures including 
industry, housing, transport, sports, recreation, and waste management activities. Globally there 
has been an exponential increase in urban and suburban areas and the corresponding transport 
infrastructure between them (Blum 1998). This function of soil is distinct from its others, as if soil 
carries out its ‘platform role’ it can negatively influence its capacity to fulfil its multi-functional 
role in the environment (Towers et al. 2006).  
 10 
Source of raw material 
Soil is an important source of raw materials (Tóth et al. 2008). These raw materials are the basis for 
technical and socio-economic development. It is a source of materials including clay, sand, gravel, 
peat and minerals in general, as well as a source of geogenic energy and water (SEPA 2001). Many of 
these materials are used for various different industrial applications (Jones et al. 2005).  
Soil is essentially a non-renewable resource with potentially rapid degradation rates and extremely 
slow formation and regeneration processes. The use of soil as a source of raw materials is obviously 
depleting the available soil resources and is considered as a non-sustainable type of soil use (Jones 
et al. 2005). 
Archive of geological and archaeological heritage 
Soils are a geogenic and cultural heritage, they form an essential part of the landscape in which we 
live, concealing and protecting palaeontological and archaeological remnants of high value for the 
understanding of our own history and that of the earth (Towers et al. 2006, Lal 2004). As soils 
evolve in response to a variety of factors, there is increasing recognition that human influences are 
considerable (Lal 2004). Soils can exhibit many properties which are a legacy from past land 
management and improvement (Davidson et al. 1996).  
In the context of these seven functions, soil or land use can be defined as the temporarily or 
spatially simultaneous use of all functions, although they are not always complementary in a given 
area (Tóth et al. 2008).  
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2.1.3 Soil Protection Policy 
Although soil protection does not yet have a strong presence in national and international policy 
and legislation, it has become a more important political issue at global, European, national and 
local levels. Soil degradation is a major worldwide problem and in response, there have been 
several international initiatives and conventions adopted to address them, to at least some extent 
(EC 2002b), these include:  
• European Soil Charter - Council of Europe 1972; 
• World Soil Charter - FAO 1982 ; 
• World Soils Policy - UNEP 1982; 
• Framework Convention on Climate Change (CCC) - 1992; 
• Convention on Biological Diversity (CBD) - 1992; 
• United Nations Convention to Combat Desertification (UNCCD) - 1994; 
• European Soil Forum- 1998;  
• Sustainable Development- UN Agenda 21, 1992;  
• Indicators of Sustainable Development - UN 1996. 
The sixth EU Environmental Action Programme prescribes the EU environmental policy for the 
period 2002-2012 (EC 2002a). It establishes seven thematic strategies, including strategies for 
European air quality, the marine environment, pesticides and the soil. Many of these themes have 
a European policy tradition, which is not the case for soil. There are however, a number of policy 
instruments in place, which provide some aspect of protection to soils, Figure 2.5. Some of these 
policies are not directed specifically at soil protection but intervene in various aspects of soil 
protection (Table 2.1), they include: 
• Common Agricultural Policy (CAP) - Since 1957 Treaty of Rome; 
• Water Framework Directive - 2000/60/EC; 
• Air Quality Directive - 2008/50/EC; 
• Birds Directive - 79/409/EEC; 
• Habitats Directive - 92/43/EEC; 
• Groundwater Directive - 80/68/EEC 
• Nitrates Directive - 91/676/EEC; 
• Sewage Sludge Directive - 86/278/EEC;  
• Strategic Environmental Assessment (SEA) - 2001/42/EC; 
• Transport Policy; 
• Research Policy; and 
• Designation of Less Favoured Areas - Council Regulation (EC) 1698/2005 
• Industrial Emissions Directive - 2010/75/EU  
 12 
 
Figure 2.5 Main policy areas contributing to soil protection (The Scottish Government 
2008b) 
 
Table 2.1 Main aspects of existing EU policy that affect soil remediation and protection 
(Wesselink et al. 2006). 
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In the UK, the overlap of policies to provide some elements of protection to soil also exists, largely 
because of the transposition and application of EU law. Significant policies, strategies and 
programmes related to soil protection include:  
• Sludge (Use in Agriculture) Regulations - 1989 
• Sustainable Use of Soils - Royal Commission on Environmental Pollution 1996 
• Soil Protection Strategy - EA/ DETR/MAFF stakeholders meeting 1999  
• Pollution Prevention and Control Regulations - 1999 
• Single Farm Payment Scheme - DEFRA 2005 
• Soil: A Precious Resource - Environment Agency 2007 
• Part IIA of the Environmental Protection Act 1990 - Introduced by s57 of the 
Environment Act 1995, came into force in England on 1 April 2000 
• The State of Soils - Environment Agency 2004 
• Contaminated Land (England) Regulations 2006.  
• Statutory Guidance Annex 3 of DEFRA Circular 01/2006  
• Environmental Permitting Regulations 2007 
• Safeguarding our Soils - A Strategy for England - DEFRA 2009 
• Construction Code of Practice for the Sustainable Use of Soils on Construction 
Sites - DEFRA 2009 
The 1996 Royal Commission on Environmental Pollution (RCEP) study on Sustainable Use of Soil 
(Royal Commission on Environmental Pollution 1996) was significant in many ways. Its main 
influence was to give the clearest direction ever for developing many aspects of sustainable soil 
management (Scottish Natural Heritage 1997). It stated that environmental policies have largely 
taken soils for granted, and called for explicit government policy on soil. The report detailed a 
number of key policy issues for UK soils:  
• the effects of peat extraction;  
• topsoil removal;  
• current practices and policies in agriculture and forestry: their effects on soil 
properties and processes;  
• application of sewage sludge and other wastes to soils;  
• effects of landfill on soil quality;  
• remediation and prevention of soil contamination.  
The Department of the Environment, Transport & Regions took five years to prepare a draft Soil 
Strategy for England & Wales, as the Government’s response to the 1996 RCEP report (Dalyell 2001, 
DETR 2000). The draft Strategy was intended to lead toward the creation of systems, including 
monitoring frameworks and indicators, that would allow judgment of whether best possible use of 
soil was being made; and to review each of the many policies that potentially affect soil (Drew 
Associates Limited 2003). The draft strategy ultimately resulted in the publication of the First Soil 
Action Plan for England 2004-2006 (DEFRA 2004). The plan contains 52 actions on issues ranging 
from soil management on farms, to soils in the planning system, soils and biodiversity, 
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contamination of soils and the role of soils in conserving cultural heritage and landscape (West 
Somerset Council 2009). The plan states that ‘EU strategy will be a key element in soil policy over 
the coming years, providing a framework in which to develop the Government’s policies and 
actions.’  
The successor to the First Soil Action Plan was the Soil Strategy for England, which was published 
in 2009. The Department for Environment Food and Rural Affairs (DEFRA) strategy aims to ensure 
England's soils continue to support food production, natural habitats and biodiversity, and to halt 
the loss of soil carbon. It has four main themes focusing action on the sustainable use of 
agricultural soils; the role of soils in mitigating and adapting to climate change; protecting soil 
functions during construction and development; and preventing pollution and dealing with 
historic contamination. It covers a range of sectors including agriculture, land management, 
planning and construction. The arguably ambitious goal is that by 2030, England’s soils will be 
managed sustainably and degradation threats tackled successfully, and it is stated that achieving 
this goal will improve the quality of England’s soils and safeguard their ability to provide essential 
services for future generations. The strategy supports the overall aims of the EU Soil Thematic 
Strategy, however emphasises the value of action at a nation level (DEFRA 2009a). The goals stated 
in the strategy were reiterated in the UK Governments 2011 Natural Environment White Paper 
(DEFRA 2011c). 
The UK Environment Agency, in its report Soil a Precious Resource highlights their priorities for 
soil and the actions it will take, and includes their strategy for protecting, managing and restoring 
soil (Environment Agency 2007). The report highlights key challenges and states the main 
priorities for soil. These are climate change, sustainability, an integrated management of air, soil 
and water, agricultural impacts, protection of soil in the built environment, increasing 
understanding soil biodiversity, and improving the knowledge base (Chatfield 2007). 
Scotland has its own strategy for soil protection, the 2009 Scottish Soil Framework (The Scottish 
Government 2008b). The National Assembly for Wales is committed to producing a soil strategy 
for Wales, however nothing has been finalised. Soils are however covered in the Environment 
Strategy for Wales, 2006 (Welsh Assembly Government 2006). 
Many threats to soil are due to particular pressures on soil, from for example construction. 
Construction activities can damage soil in a number of ways and restrict its ability to deliver the 
essential functions and services. In response to this in September 2009 DEFRA launched a Code of 
Practice for the Sustainable Use of Soils on Construction Sites. The aim of the Code is to give the 
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construction sector guidance on the ways in which damage and loss of soils should be minimised 
and managed on construction sites (Tim O’Hare Associates 2009, DEFRA 2008).  
Another key pressure to soil is from agriculture, which is a major issue in Europe with annual 
economic losses in affected agricultural areas estimated at around €53 per hectare. Appropriate 
agricultural practices can maintain and enhance soil organic matter and sustain the ecosystem 
services. Unsustainable agricultural practices however, can accelerate water and wind erosion, 
drain soil organic matter and cause loss of soil fertility (Nadin Sauer et al. 2011).  
The Common Agricultural Policy (CAP) is a system of EU agricultural subsidies and programmes 
(EC 2009a). Many important changes to the CAP have been made since the 1980s (Ilie et al. 2007). 
These reforms have moved away from the linking or ‘coupling’ of support to the farmer’s 
production volume with a new emphasis placed on environmentally sound farming. In 2003, 
fundamental reform was introduced with ‘decoupling’ of subsidies from particular crops. Single 
farm payments were introduced which means that farmers are subject to cross-compliance 
conditions relating to environmental, food safety and animal welfare standards with the aim of 
making more funding available for environmental quality or animal welfare programmes (EC 
2009a). Further reform took place following the ‘CAP Health Check’ agreed in 2008 and the CAP 
now increasingly emphasises the custodianship of land rather than maximising production. 
Despite this, a radical shift in agricultural practices has been called for by environmental groups 
who seek reformation of CAP to implement, and make everyday practice methods and techniques 
for better soil management in agriculture (Nadin Sauer et al. 2011). 
In England implementation of cross compliance rules apply where payments are made under CAP 
support schemes or under certain Rural Development Programme for England (RDPE) schemes. 
There are three aspects to the cross compliance rules: 
• Statutory Management Requirements (SMRS) - specific European legal 
requirements applicable to farmers.  They comprise of a number of articles from 19 
EU Directives and Regulations, which address the environment, public, plant and 
animal health, and animal welfare. 
• Good Agricultural and Environmental Conditions (GAEC) - domestic legal 
requirements requiring maintenance of soils in good condition, and to maintain a 
range of habitat and landscape features, which are important to the English 
countryside. They either reinforce existing law, or already existing good practice 
standards, based on a European legal framework; and 
• An obligation to maintain a level of permanent pasture not included in the crop 
rotation for 5 years or more. This is not a cross compliance obligation for 
individual farmers, but may become one in future years (DEFRA 2011d). 
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Among other measures, the GAEC includes the requirement for a Soil Protection Review (SPR) with 
the aim to maintain soil structure and organic matter and to prevent erosion, compaction and 
damage to landscape features. The soil protection review requires farmers to: 
• identify and record current and potential problems with soil; 
• assess and record soil types and degradation risks on land; 
• select and take appropriate measures to prevent and/or remediate any problems 
and risks; 
• review these risks and measures each year and reconsider as appropriate; 
• record access to waterlogged land and actions taken to remediate the damage 
when required; 
• select and take appropriate post harvest measures; 
• adhere to the Crop Residues (Burning) Regulations 1993 (DEFRA 2010b). 
The EU and UK do have policies, which contribute to soil protection; however, these have their 
main aim and scope elsewhere. These are therefore not sufficient to ensure an adequate level of 
protection for all soil in Europe, and so the Community acquis (body of EU law) is inadequate (EC 
2010b). In response to this, in September 2006, the European Commission launched a pan-EU 
strategy to deal with all aspects of soil protection, taking into account the variety of situations in 
each country. The Soil Thematic Strategy, COM(2006) 231 is the last of seven thematic strategies, 
adopted to provide a comprehensive common framework for protecting soils across the European 
Union from harm (EC 2006a). The process of establishing the Thematic Strategy began with 
publication of ‘Towards a thematic strategy for soil protection’ (EC 2002b). In their response to the 
document, the European Council of Ministers (2002) and the European Parliament (2003) 
supported the initiative of the Commission to establish European draft legislation for soil 
monitoring (Wesselink et al. 2006). The resulting strategy tackles a comprehensive range of threats 
and creates a common framework to protect soil. The strategy aims to halt and reverse the process 
of degradation, ensure that EU soils stay healthy for future generations and remain capable of 
supporting the ecosystems on which economic activities and well-being depend (UN Commission 
on Sustainable Development 2009). A knowledge based approach to soil monitoring aimed at 
delivering soil protection and sustainable use has been introduced and required by the soil 
thematic strategy (Quevauviller et al. 2003, Blum et al. 2004b, Blum et al. 2004a).  
The Thematic strategy is built upon four key pillars: 
• Framework legislation with protection and sustainable use of soil as its main aim; 
• integration of soil protection in the formulation and implementation of national 
and Community policies; 
• closing the current recognised knowledge gap in certain areas of soil protection 
through research supported by Community and national research programmes; 
and, 
• increasing public awareness of the need to protect soil (EC 2006e). 
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The Thematic Strategy consists of a communication which lays down the principles of EU soil 
protection policy and establishes a ten-year work program (COM(2006) 231); a draft framework 
directive (COM(2006) 232); and an impact assessment (SEC(2006) 620) analysing the economic, 
social, and environmental impacts of the proposed measures. The impact assessment is qualitative 
in nature because i) the Directive allows a great deal of flexibility to the Member States to choose 
suitable measures themselves and ii) the costs and benefits of soil protection are often difficult to 
quantify (Wesselink et al. 2006). It declares that for sustainable development, soils need to be 
protected from degradation (Tóth et al. 2008). Eight main threats to soil are identified in the 
thematic strategy as having consequences potentially detrimental to water quality and quantity, 
human health, climate change, biodiversity, and food safety. The main threats to soil are identified 
as the decline in organic matter; soil erosion; compaction;  salinisation; landslides; floods; 
contamination (local and diffuse), and sealing (Tóth et al. 2008, Tóth 2010), Figure 2.6.  
 
Figure 2.6 Impact of human activities on soil, causing risk of soil degradation 
(Montanarella 2006b) 
The proposed SFD sets out common principles for protecting soils across the EU. It establishes a 
framework for the protection of soil, its sustainable use and the preservation of the capacity of soil 
to perform environmental, economic, social and cultural functions (EC 2006a). 
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The directive proposal, in 2006, laid out the following main requirements: 
• integration into sectoral policies;  
• precautionary measures;  
• prevention of contamination;  
• measures to limit or mitigate sealing;  
• identification of risk areas for erosion, organic matter decline, compaction, 
salinisation, landslides;  
• identification of contaminated sites;  
• programmes of measures;  
• national remediation strategy;  
• awareness raising, reporting and exchange of information. 
The SFD does not propose any community norms for soil (Wesselink et al. 2006). The original 
proposeddirective, however, required identification of risk areas on the basis of common elements, 
encouraging use of existing monitoring schemes with a move toward development of a harmonised 
monitoring approach (EC 2006a). Development of the SFD has been slow for a number of reasons 
including problems agreeing on an approach for identifying these geographical risk areas (ENDS 
Europe 2007). The original proposed text of the SFD defined risk areas as: 
‘......areas in their national territory, at the appropriate level, where there is decisive evidence, or 
legitimate grounds for suspicion, that one or more of the following soil degradation processes has 
occurred or is likely to occur in the near future: 
(a) erosion by water or wind; 
(b) organic matter decline brought about by a steady downward trend in the organic fraction of the 
soil, excluding undecayed plant and animal residues, their partial decomposition products, and the 
soil biomass; 
(c) compaction through an increase in bulk density and a decrease in soil porosity; 
(e) salinisation through the accumulation in soil of soluble salts; 
(f) landslides brought about by the down-slope, moderately rapid to rapid movement of masses of soil 
and rock material ‘ (EC 2006a) 
The Regional and the Economic and Social Committees and the European Parliament endorsed the 
proposal, however, the EU Council of Environment Ministers in December 2007 under the 
Portuguese Presidency failed to adopt a common position because of opposition from Germany, 
the UK, France, Austria and the Netherlands. The main arguments used to refuse the Directive 
were that it is incompatible with the subsidiarity principle, it demands an excessive amount of 
bureaucracy and the expenses incurred following its implementation would be very high. 
Environmental groups welcomed the Directive, however they criticised the lack of EU wide goals 
for soil quality and argued that the original proposal gave too much freedom for member states to 
determine policies and measures at national level and provided no real motivation for land users to 
change harmful land use practices (Nadin Sauer et al. 2011). 
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Due to key points raised in the negotiation of the proposed Directive, a number of different 
proposal texts have been put forward and significant changes to the original proposal text have 
been made. One of the fundamental reservations, indicated by a number of delegations, was 
regarding the identification of specific geographical areas as being at risk. For this reason Article 6 
of the directive now concerns ‘Identification of priority areas requiring special protection from soil 
degradation process’, where priority areas can be defined as:  
‘ areas where there is decisive evidence, or legitimate grounds for  
suspicion, that one or more soil degradation processes exceeding the level of risk acceptability  
referred to in Article 6(2)(b) is occurring or is likely to occur in the near future’ (EC 2010d) 
This definition of priority areas includes consideration of risk acceptability in the priority areas 
definition; this assessed through development of risk reduction targets (EC 2006a, EC 2009b).  
2.1.4 Soil Biodiversity 
Current policies in place routinely overlook soil biodiversity, despite its importance (Turbé et al. 
2010). Biodiversity has been described as ‘the variability among living organisms from all sources 
including, inter alia, terrestrial, marine and other aquatic ecosystems and the ecological complexes of 
which they are part; this includes diversity within species, between species and of ecosystem’ (CBD 
Secretariat 1992). Soil biodiversity refers to ‘the variation in soil life, from genes to communities, and 
the variation in soil habitats, from micro-aggregates to entire landscapes’ (Turbé et al. 2010), 
applying to all soil dwelling species as well as those species which spend part of their life cycle 
below ground. It is often described as a ‘true scientific frontier’ as little is known about the extent 
and nature of soil biodiversity but it is known that it is host to a very large diversity of organisms, 
at a high level of abundance (The Scottish Government 2008b, Gardi et al. 2009a). 
Soil biota can be differentiated by taxons, genotypes and functions. The functional groups that 
indicate soil biota’s wide-ranging role and importance include primary producers, decomposers, 
nitrogen fixers, ecosystem engineers (macro and micro), plant mutualists and plant symbionts. Soil 
biodiversity brings greatest value through the ecological services the organisms perform which 
underpin all of soil’s ecological functions (The Scottish Government 2008b), Table 2.2.  
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Table 2.2 Ecosystem services provided by below-surface biodiversity (Wall et al. 2007) 
Goods or service 
provided by soil 
and sediments and 
their biodiversity Enhancement of ecosystem processes by below ground biomass 
Food production • Living organisms rip, tear, eat, digest and decay organic matter, thus, 
act as a biotic fertilizer by returning nutrients to soil and sediments 
for plant and algae growth. 
• Their movement, burrowing or bioturbation aerates soils and 
sediments for increased growth of plants, animal and microbial 
species. 
• Their activity moves soil and sediment organic matter and carbon and 
nutrients into deeper layers, increasing soil and sediment fertility. 
Water quality • Living organism biomass retains nitrogen (N). 
• Active movement of organisms mixes and creates structure leading to 
physical stabilization of soils and sediments, which decreases run-off 
and erosion of soils and sediments. 
• Organisms have a diversity of enzymes able to breakdown many 
pollutants by metabolic activity releasing water and CO2 as products. 
Watershed flow • Hydrologic cycle is dependent on soil and sediment physical and 
biotic composition: organisms increase porosity, by their feeding and 
movement, and translocate organic matter, which influences moisture 
retention. 
Fibre production • Organisms increase nutrient cycling leading to soil fertility and biotic 
management of this fertility. 
• They provide biological controls and reduce the need for 
manufactured plant pathogen controls. 
Carbon sequestration • Organisms recycle nutrients by processing dead organic matter into 
less complex forms of carbon. 
• Their movement or bioturbation aerates soils and sediments for better 
growth of plants and animals and increases carbon storage and 
sequestration by clays and other particles of soil. 
Trace gas/ nutrient 
regulation 
• The range of sizes and types of organisms, by their activity and 
metabolism, assist soils and sediments in maintaining C and N 
balances, as well as oxygenation. 
Human, animal, plant 
health regulation 
• Soil organisms are part of food webs in which predators control 
pathogens and parasites. This biological control can be lost if soils and 
sediments are disturbed, leading to outbreaks of disease. 
The level of abundance and diversity of soil biota varies from soil to soil and depends on factors 
such as organic matter content, soil texture, pH and soil management practices (Gardi et al. 
2009a). The approximate abundance and diversity of organisms are divided into groupings 
according to size, typically found in a handful of temperate grassland soil is shown in Table 2.3. 
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Table 2.3 Approximate abundance and diversity of organisms divided into groupings 
according to size, typically found in a handful of temperate soil (Gardi et al. 2009a). 
Microfauna 
Size range: 1-100 μm 
Mesofauna 
Size range: 100 μm-2 mm 
Megafauna 
Size range: > 2 mm 
Bacteria 
100 billion cells 
from 10.000 species 
Tardigrades Earthworms 
Fungi 
50 km of hyphae 
from 500’s of species 
Collembola Ants 
Protozoa 
100.000 cells 
from 100’s of species 
Mites Woodlice 
Nematodes 
10.000 individuals 
from 100’s of species 
Combined 1.000’s individuals 
from 100’s of species 
Combined 100’s individuals 
from 10’s of species 
The principal pressures directly driving global biodiversity loss (habitat change, overexploitation, 
pollution, invasive alien species and climate change), apply equally to soil biodiversity (CBD 
Secretariat 2010, Millennium Ecosystem Assessment 2005). The physical loss of soil has the direct 
effect of causing loss of biodiversity, with changes in land use and vegetation likely to affect soil 
biodiversity. There are several potential causes of loss of soil biodiversity which include 
disturbance, spread of invasive species, acidification of soils, increased nitrogen deposition, 
chemical contamination (pollutants, fertilizers and pesticides), climate and land use change which 
can severely and in some cases, irreversibly, impact soil communities and their ability to provide 
ecosystem services, Table 2.4 (Wall et al. 2007). The relationship between species diversity and 
ecosystem functioning is still not well understood (Rutigliano et al. 2009). 
Table 2.4 Global threats to soil biota and ecosystem services (Wall et al. 2007) 
Habitat  Vulnerable taxa Global threats Ecosystem service at 
risk 
Deserts Algae, lichens, mosses, 
termites, ants, bacteria 
Urbanisation, aquifer 
depletion, invasive 
species, overgrazing, 
salinisation, erosion 
Decay, water filtration, 
soil stabilisation 
Tropical forests Mycorrhizae, termites, 
ants, earthworms, mites, 
nematodes, fungi 
Agricultural 
intensification, 
deforestation, invasive 
species 
Soil fertility, decay, water 
filtration, carbon storage, 
soil aeration, soil 
stabilisation and erosion 
control 
Temperate forests Earthworms, mites, fungi, 
ants, mycorrhizae 
Acidification, agricultural 
intensification, 
deforestation, erosion, 
invasive species 
Decay, water filtration, 
soil structure and 
stabilisation, sediment 
trapping 
Grasslands Earthworms, enchytraeids, 
termites, nematodes, 
bacteria 
Agriculture, overgrazing, 
urbanisation, 
desertification 
Herbivory, soil fertility, 
water filtration, carbon 
storage, pest control 
Agroecosystems Mycorrhizae, N-fixing 
bacteria, fungi 
Deforestation, loss of soil 
organic matter, over 
irrigation, erosion 
Diminished soil quality, 
loss of productive soils 
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Soil biodiversity loss has been identified as one of the main soil degradation processes to which 
soils in the EU are confronted (EC 2002b). It has also been identified as an area requiring particular 
attention under the programme of work on agricultural biodiversity of the Conference of the 
Parties (COP) to the Convention on Biological Diversity (CBD) (CBD Secretariat 1996), and a focus of 
the EU Forest Focus programme (EC 2003).  
The state of scientific knowledge on soil biodiversity and its behaviour was too limited to allow for 
specific provisions in the proposed SFD aiming at its protection (EC 2006a). Although not dealing 
directly with soil biodiversity, implementation of the SFD will drive forward the soil protection 
agenda and soil monitoring activities, and may change how biodiversity is perceived and acted 
upon in the EU and internationally. It will result in increased awareness of the importance of soil 
biodiversity (The Scottish Government 2008a).  
There is still a basic research requirement to gain the necessary understanding of the underlying 
mechanisms of soil biodiversity, where there is a paucity of knowledge about the different species 
present in soils, with  many species probably still to be identified (Montanarella 2006b). The lack 
of knowledge about soil biodiversity will be addressed through research funded by the European 
Union (seventh Framework Programme 2007-2013), with a view to gaining a better understanding 
of the function of biodiversity as an environmental service (EC 2006a). The knowledge building 
process is also being supported by on-going initiatives under the Convention on Biological 
Diversity and the Forest Focus Programme (EC 2006a). 
2.2 Citizen Science 
Public participation in science has been defined by many terms such as citizen science; community 
based monitoring, participatory monitoring networks, public participation geographic information 
systems, and volunteered geographic information (Newman 2010). There are correspondingly 
many definitions of a citizen scientist depending on the exact application however, the definition 
given by Silvertown (2009) relates well to many applications ‘A citizen scientist is a volunteer who 
collects and/or processes data as part of a scientific enquiry’.  
There has recently been a large increase in citizen science and community-based monitoring 
programs (Newman 2010, Silvertown 2009). The concept is not new, with the term being used in 
many situations to represent scenarios in which citizens participate in the scientific process along 
with professionals (Newman 2010, Bonney et al. 2009). Science has its roots in the use of non-
professionals to collect and interpret data, with until relatively recently, almost all scientists 
making their living in another profession and the rise of science as a paid profession dating from 
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the later part of the 19th century. Citizen scientists have not disappeared since these early 
scientists, particularly in subjects where skill in observation can be more important than expensive 
equipment for example archaeology, astronomy and natural history (Silvertown 2009).  
Early citizen science projects, which appear in a form that is recognisable to the systems used 
today, are thought to have started in the 1800s; however it is likely that volunteers have been used 
to collect data on weather from a much earlier date. Some of the earliest surveys were on the 
subject of ornithology, with US lighthouse keepers collecting data about bird strikes in the 1880s 
(Bonney et al. 2009, Droege 2007, Butcher 1990). The Audubon Society Christmas Bird Count, 
started in 1900, is the most famous and longest running example, it is still running with 60,000 to 
80,000 volunteers now participating (Cohn 2008, Schnoor 2007). 
In the UK, Citizen Science also has a long and important history for science and conservation in the 
form of wildlife recording, which has always been led by volunteers. These amateur collectors have 
had a key role in developing natural history collections in the 19th and early 20th century and were 
the first biological reporters, which also established many local nature history societies (Scottish 
Natural Heritage 2011). There are records of people recording natural history since the 1730s and of 
people in the Victorian era keeping nature diaries (Leicestershire Environmental Records Centre 
2008). The British Trust for Ornithology was one of the earliest organised surveys, founded in 1932 
with the express purpose of harnessing the efforts of amateur birdwatchers for the benefit of 
science and nature conservation (Silvertown 2009). Building on this history of citizen science 
throughout the 20th century, public volunteers participated in projects to monitor water quality, 
document the distribution of breeding birds, and scour the night skies for new stars and galaxies 
(Bonney et al. 2009). The enormous potential for use of the public to collect data is clear, with bird 
watching, for example, attracting approximately 2.6 million people in the UK and approximately 45 
million in the US (Roberts et al. 2005). Recent surveys such as the RSPB Big Garden Birdwatch (RSPB 
2011), the Natural History Museum Bluebell Survey (Spencer et al. 2006) and the Big Butterfly 
Count (Butterfly Conservation 2011) have attracted wide interest.  
Models of public participation have ranged from citizen involvement through data access and use 
to data collection and analysis (Danielsen et al. 2009, Gouveia et al. 2008). Recently these have 
further aimed to improve science literacy, and to regard citizens as scientists rather than only 
citizen technicians (Lakshminarayanan 2007).  
The current concept of citizen science which revolves around integration of explicit and tested 
protocols for collecting data, vetting of data by professional scientists, and inclusion of specific and 
measurable goals for public education, has developed primarily over the past two decades (Bonney 
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et al. 2009, Cohn 2008, Bonney 2007). While the principle of citizen science is not a recent 
development, the number of studies using citizen scientists, the number of volunteers enlisted in 
the studies, and the scope of data they are asked to collect is occurring at an unprecedented level. 
Researchers now ask volunteers to use sophisticated equipment and techniques to monitor air and 
water quality; document when plants grow, bloom, and die; and observe when birds and other 
animals migrate through an area or how they behave when they are there (Cohn 2008). Citizen 
scientists now participate in projects on climate change, invasive species, conservation biology, 
ecological restoration, water quality monitoring, population ecology and monitoring of all kinds 
(Silvertown 2009). 
Silvertown (2009) cites three factors, which seem to be responsible for the proliferation of activity 
in citizen science: 
• the existence of easily available technical tools for disseminating information about 
projects and gathering data from the public;  
• the increasing realisation among professional scientists that the public represent a 
free source of labour, skills, computational power and even finance; 
• citizen science is likely to benefit from the condition that research funders such as 
the National Science Foundation in the USA and the Natural Environment Research 
Council in the UK now impose upon every grant holder to undertake project-
related science outreach.  
Using volunteers allows scientists to gather data on a larger geographic scale and over a longer 
period than is possible in more traditional scientific research. This gives researchers the data to 
spot anomalies, compare the results from one area or time with another, distinguish trends, and 
understand differences among subpopulations or geographic areas (Cohn 2008). Large-scale 
environmental science requires citizen science. Almost any project that seeks to collect large 
volumes of field data over a wide geographical area can only succeed with the help of citizen 
scientists (Silvertown 2009). Citizen scientists can make observations at unlimited locations that 
would otherwise not be practicable, while at the same time building public support for the 
environment, and educating and encouraging thousands of new students toward a rewarding 
career in the environmental sciences (Schnoor 2007). 
The Citizen Science Alliance states that the benefits of citizen science are the ability to utilise 
extremely large data sets; the ability to gather multiple independent interactions with the data, 
providing quantitative estimates of error; provision of large, powerful training sets for machine 
learning; and serendipitous discovery from exposing data to large numbers of users. A further, but 
still important benefit is that citizen science is a powerful tool for education about science, and the 
scientific method (Currier 2011, Citizen Science Alliance 2011). 
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While citizen science is widely used to monitor distribution of wildlife, its use to collect data on 
environmental quality has however been comparatively lower. With concerns about changes in 
environmental quality, citizen science, with its broad spatial and temporal reach, will play an 
increasingly important role (Dickinson et al. 2010). Programs like the US EPA Volunteer Monitoring 
and Assessing Water Quality Program, build connections between national scientific agencies and 
local citizens (US EPA 2011b). In this program, the US EPA trains citizen volunteers to perform 
specific tasks such as  screening for water quality problems and measuring baseline conditions and 
trends in their local communities. The findings are then reported to the scientific bodies that then 
analyse the data and use the results to make policy recommendations to local, state, and federal 
legislative authorities (Harvey 2006). In the UK, surveys were used to collect information from 
school children in the 1970s on water pollution (Mellanby 1974) and air pollution (Gilbert 1974). 
The water pollution survey used a kit which was used by 8000 children to estimate water pollution 
in rivers and streams, data on pH, ammonia, and hydrogen sulphide were collected, but the main 
value of the survey was obtained from the indicator species of invertebrates and information about 
fish. The air pollution survey was a follow up to the water pollution survey, again using indicator 
species of air pollution, in this case lichens, a bryophyte, and an alga. Since these initial surveys 
there have been a number of additional studies on environmental quality such as the citizens’ acid 
rain monitoring network (Bolze et al. 1989), world water monitoring day (WEF et al. 2010), use of 
tobacco to monitor ozone levels (Nali et al. 2007), and total coliforms, Escherichia coli and toxicity 
in waterways by Canadian high school students (Au et al. 2000).  
Soil has not been the subject of an organised citizen science survey beyond its inclusion as a theme 
in the Global Learning and Observations to Benefit the Environment (GLOBE) program, a primary 
and secondary school-based science and education program in the United States and 
internationally. In the program students learn to take measurements of the air, water, soil, and 
vegetation in their area and share their data via the internet which can be used by Scientists (The 
Globe Program 2011, Finarelli 1998). 
Worldwide there have been a number of surveys of soil organisms, including earthworms in the 
Earthworms Downunder project in Australia (Baker et al. 1997), the Canadian worm watch survey 
(Nature Watch 2010), the Wales worm watch survey (Murchie 1999), and the USA Great Lakes 
survey (Natural Resources Research Institute et al. 2006), which have had variable degrees of 
success at collecting information from the public on earthworm species distribution and 
abundance. There have however, been no documented public surveys of earthworms in England 
and no surveys that aim to integrate collection of data on soils and earthworms.  
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The Cornell Lab of Ornithology has suggested a model for development and implementation of 
citizen science projects, drawing upon expertise in education, population biology, conservation 
biology, information science, computational statistics, and program evaluation. They suggest that 
projects that follow the model in development can fulfil their goals of recruitment, research, 
conservation, and education. This model takes the form of a number of steps:  
• choose a scientific question; 
• form a scientist/educator/technologist/evaluator team; 
• develop, test, and refine protocols, data forms, and educational support materials; 
• recruit participants; 
• train participants; 
• accept, edit, and display data; 
• analyze and interpret data; 
• disseminate results; 
• measure outcomes (Cohn 2008). 
It has been suggested that it is possible, through the interaction between people, computers and 
sensors, to extend the scale of Citizen Science activities. Recent projects plan to move beyond 
Citizen Science that has been seen to date by arguing that it is possible for any community to start 
a Citizen Science project that will deal with the issues that concern them (Haklay 2011).  
Critics of citizen science argue that the current range of projects has several limitations including:  
• in most instances participants are trusted only as passive participants, or as active 
participants limited to basic observation and data collection; they do not 
participate in problem definition or in the scientific analysis itself;  
• there is an implicit assumption that participants will have a relatively advanced 
level of education;  
• largely because of the educational requirements, Citizen Science occurs mostly in 
affluent places, and therefore most of the places that are critical for encouraging 
biodiversity conservation, and where population growth is most rapid, are 
effectively excluded (Haklay 2011). 
Concerns exist with regard to the quality, reliability, and overall value of data collected by the 
public, with data quality being a fundamental issue with public surveys (Cohn 2008, Flanagin et al. 
2008). Critics’ state that data are of poor quality cannot be trusted, and could be misleading or 
even dangerous (Schnoor 2007). Data quality aspects include accuracy, precision, credibility, and 
trustworthiness (Newman 2010, Flanagin et al. 2008). Standard data collection protocols may not 
be adequate indicators of data quality; the ability to understand data collected by others may be 
more critical to subsequent reuse (Zimmerman 2008, Newman et al. 2011). It has been suggested 
that the data should be handled, interpreted, and used in an appropriate fashion for how it was 
obtained. Data quality can be improved through education of citizen scientists in how to take 
proper samples, and about the principles which underlie the measurements (Schnoor 2007).  
 27 
There is a tradition of using tiered quality assessment for biological record collecting, where data 
collected by experts is valued higher than that of volunteers, Figure 2.7. This method risks 
devaluing and/or disregarding a large amount of useful data. Citizen science is suited to any 
macroscopic census or collective experience that can be observed easily or cheaply. However rather 
than using expensive equipment, it uses millions of subjects observing their own environment 
(Schnoor 2007). Where data are disregarded, however, this does not negate the data that does 
remain (Droege 2007).  
 
Figure 2.7 Tiered hierarchy of data quality classification as seen in some biological 
recording schemes 
The collection and submission of accurate data depends on providing clear collection protocols, 
providing simple and logical data forms, and providing support for participants to understand how 
to follow the protocols and submit their information. With these in place it is necessary to pay 
special attention to issues of bias, a tendency to over report certain species and to under-report 
others; and a general reluctance of observers to enter data when they see only common species or 
no species at all (Cohn 2008). Data quality issues are not unique to citizen science, and very large 
sample sizes will tend to lessen sampling error (increase precision) (Dickinson et al. 2010). There is 
also sizable literature which attests that data collected by properly trained citizen volunteers are of 
as high a quality as those obtained by professionals with the same equipment (Schnoor 2007). 
In assessing the future challenges to citizen science Dickinson and colleagues (2010) stated that its 
use would beneﬁt from increased emphasis on data quality, including adoption of increasingly 
rigorous protocols such as repeated sampling at predetermined intervals, improved strategies for 
reducing spatial biases, evaluation of observer skill, and tools for inclusion of data on observer 
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quality in the database. There is a need for a wider assessment of data quality and clariﬁcation of 
the independent effects of professional training, task training, experience with the task, observer 
age, training duration, method of training (in person versus on the Internet), and variation in 
species detection probability with habitat or background composition of other non-target species. 
A framework for multi-scale citizen science was suggested by Newman (2010) and includes the 
scope, scale, and activities the of citizen science program, Figure 2.8.  
 
Figure 2.8 A framework for multi-scale citizen science illustrating examples of the scope 
(red), scale (green), and activities (blue) of a variety of citizen science projects (Newman 
2010) 
It has been argued that environmental problems are a common ground where citizens and science 
can meet, forming a collaborative relationship ‘within the terms of citizens themselves rather than 
being state-led activities’ in case ‘inter-governmental discourse becomes a constraint on local 
initiative rather than a stimulus’ (Irwin 1995, Mowat 2011). Kolok and Schoenfuss (2011) described 
three types of environmental science practitioner large-scale, small-scale, and citizen scientists, 
recognising that when compounded citizen scientists efforts can lead to data sets that can be 
vitally important.  
 
A Framework for Multi-Scale Citizen Science Support
To assist citizen science programs to align their scope, scale and 
activities with desired end goals and to ensure useful and effective 
results
SCOPE
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>Domain >Accessibility
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Activities
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>Backup/Archival
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>Public Relations
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2.3 OPAL Project 
The Open Air Laboratories (OPAL) network is a large programme of environmental citizen science 
activities, which was funded by a £12 million grant over 5 years that has been awarded by the Big 
Lottery Fund for England. The project brings together sixteen partner institutions, including 
Imperial College, London’s Natural History Museum, the Open University and a major university 
from each of England’s nine governmental regions, to work together with communities across the 
country with the key objective of getting more people outside exploring and recording the natural 
world, while conducting high quality research with maximum public involvement (Pohl 2011). In 
bringing these scientists and communities together, it will deliver a research programme focused 
on three environmental themes: loss of biodiversity, environmental degradation and climate 
change, developed with consideration of 1992 Rio Summit’s main areas of concern (Davies et al. 
2011).  
One of the main aims of the OPAL project is to develop a greater understanding of the state of the 
natural environment and its biodiversity especially in the most impoverished parts of England- 
carrying out high quality research with public engagement (Rose et al. 2008). It seeks to broaden 
participation in environmental monitoring and management, which is traditionally the province of 
the expert recorder or environmental scientist, by making experts more accessible, adapting and 
designing tools and materials for a wider audience, and storing, analysing, interpreting and 
publishing the data (Davies et al. 2011). The key objectives of the OPAL portfolio of projects as a 
whole are to: 
• encourage more people to spend time outside exploring and recording the world 
around them; 
• develop an innovative environmental education programme to support them; 
• stimulate a new generation of environmentalists; 
• strengthen collaboration between the statutory, voluntary and community sectors; 
• gain a greater understanding of the state of the natural environment. 
The project also has objectives to provide more information about disadvantaged areas and 
polluted environments, and to raise awareness of ecosystem health and how individual actions 
affect this (Rose et al. 2008). Through a wide number of regional and national projects, people of 
all ages, abilities and backgrounds can contribute to OPAL by observing and recording the 
environment and sending data to local and national databases for analysis and interpretation. A 
suite of supporting educational tools and materials is being delivered through an informal 
educational pathway to help develop the skills and confidence necessary to monitor flora, fauna 
and fungi and to investigate the environmental conditions under which they thrive or suffer 
(Davies et al. 2011).  
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OPAL is delivered through nine regional programmes, each led by a University, five thematic 
centres and an essential support system. Regional projects focus on local issues and local 
communities whilst national centres address national research issues and lead on the development 
of the national surveys.  The five national research centres are air (Imperial College London), soil 
(Imperial College London), water (University College London), biodiversity (Natural History 
Museum and Open University) and the climate centre (UK Meteorological Office) (Pohl 2011, 
Davies et al. 2011).  
Community scientists from the nine regional universities, as shown in Figure 2.9, work with local 
people to develop projects about local environmental issues of importance to them. Together they 
will record local wildlife and the quality of air, soil and water. They will analyse and interpret the 
data to understand how local conditions can affect species diversity, distribution and population 
size. A suite of new, interactive resources is being developed to help to understand complex issues 
such as climate change and to demonstrate how they can directly affect local biodiversity and 
environmental quality. Data from all activities will contribute toward a ‘State of the Environment 
Report’ at the end of the project (Silvertown 2009).  
 
Figure 2.9 Location and name of each regional university centre and support organisation 
(Davies et al. 2011).  
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3 Aim and Objectives 
3.1 Aim 
The aim of the research presented in this thesis was to evaluate the challenges facing soil quality 
management and the role of citizen science. To achieve this goal it has been proposed that 
members of the public are used to collect large and cost effective data sets on soil resources, which 
will at the same time raise awareness of the importance of soil. The development of a mass public 
soil survey is presented as an example of such data collection methods. The results of the survey 
provide important information on soils and earthworm fauna which have been evaluated though 
fieldwork into the interaction between soils, contaminants and earthworms.  
3.2 Objectives 
Specific objectives included: 
• A study of the definition of soil quality 
o Studying how soil is defined, how the assessment of soil quality has developed as a 
concept, and the extent of consensus in the scientific and legislative communities.  
o Reviewing how far current soil quality definition and assessment meets policy 
requirements.  
• Evaluation of policy challenges for soil protection 
o Investigating how policy developments have taken place for air and water, with 
examples from the USA and EU, in order to compare this with policy development 
in relation to soil.  
o Identifying and evaluating challenges for soil protection policy and recommending 
how these challenges can be overcome. Discussing these issues with relevance to 
water and air protection policy. 
• Development of a set of screening indicators for soil quality assessment 
o Reviewing the current state of soil quality assessment including methods of data 
collection, soil quality assessment approaches, and indicators proposed in the 
scientific literature and used in a number of countries. 
o Addressing concerns over the resource requirements for the identification of soils 
subject to degradation processes by proposal of a set of criteria that will allow 
locations to be screened for the likelihood of degradation.  
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• Development of a survey on soil data collected by the public  
o Presenting how public surveys such as the OPAL National Soil and Earthworm 
Survey can be used as a method for collecting data on soils using non-experts. 
o Illustrating how data from a survey designed specifically to deliver useful and valid 
information from the public can be appropriately processed and interpreted. 
o Demonstrating how data can contribute to a practical outcome in prioritising the 
need for soil assessment for determining areas of degradation. 
• Evaluating earthworm abundance data from a mass public survey  
o Describing how earthworm abundance data collected as part of the OPAL Soil and 
Earthworm Survey can be used to indicate areas of high and low earthworm 
abundance.  
o Demonstrating the ability of public collected data to help in the identification of 
threats to soil, especially to soil biodiversity. 
• Evaluation of the reliability of the mass public soil survey by subsequent sampling 
o Determining how representative public data could be when using it to highlight 
potential indicators of degradation.  
o Determining differences in soil chemical properties, contaminant concentrations 
and profiles over the study areas and land use types.  
o Investigating which soil physical, climatic, and chemical factors are influencing the 
distribution of earthworms, and the relationship between earthworm species, 
ecological groups and abundance and environmental variables.  
o Determining how patterns in earthworm abundance relate to anthropogenic soil 
contamination, and soil properties that may be altered by soil degradation.  
• Recommendations for the potential of citizen science in addressing challenges of soil 
protection policy. 
o Discussing of the implications for policy of public participation in soil protection 
o Evaluation of the economics of soil degradation, implementation of soil protection 
measures, and citizen science.  
o Describing the drivers toward public participation in harmonised soil protection 
policy. 
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3.3 Structure of Thesis 
An overview of the research topic and a rationale for the research are included in the introductory 
section. In order to evaluate the potential for the use of non-experts in policies for the protection 
of soil the background section presents an overview of the topic. This includes the fundamental 
functions which soil performs, significant policies for its protection, the development of citizen 
science, and to introduce the OPAL project. Based on this, the aim, and objectives of this study are 
then defined. 
Critical to peoples understanding and protection of soil resources is how soil is perecieved. In 
order to investigate the challenges for soil quality management it was necessary to look at the 
various definitions and understandings of soil, presented in Chapter 4. This allowed further 
investigation of the soil quality concept, looking at the extent of consensus surrounding its 
definition and assessment. Concerns are discussed regarding assessment of soil quality, and the 
requirement for a large number of soil function dependent indicators. A method is proposed which 
is not function dependent, but uses a number of cross-functional indicators instead.  
Since the 1970s, there has been a shift in environmental protection policy from reaction to high 
profile events, then to control of releases to single environmental media, and to the present 
position of moving toward integrated management of all environmental media. Chapter 5 details 
how policy developments have taken place for air and water, with examples from the USA and EU, 
in order to compare this with policy development regarding soil. Challenges for soil policy are 
identified and evaluated, and recommendations on how these challenges can be overcome are 
discussed with relevance to water and air protection policy. 
There have been some serious objections to requirements of soil protection policies on the grounds 
of resource and capital requirements. To help to address these concerns, a strategic set of 
indicators is proposed in Chapter 6, based on measured soil quality indicators. These can 
potentially be used by the public, and analysis can focus further and more detailed soil quality 
assessment. This will allow further emphasis to be placed on a smaller number of locations, which 
could lead to cost and resource efficiencies.  
With the need for evidence based policy, and the emerging recognition that involving the public in 
environmental monitoring activities is an effective way of increasing understanding of issues and 
commitment, there has been growing interest in public surveys. Development of the Open Air 
Laboratories (OPAL) Soil and Earthworm Survey is presented, in Chapter 7, as an example of public 
participation in soil surveys. It is shown how data generated by this survey compares to expert data 
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sets, and reveals trends in soil properties. Analysis of data from the mass public survey highlights a 
number of areas of England that appear to be hotspots and cold spots for earthworm abundance, 
the details of which are presented in Chapter 8.  
An evaluation of the reliability of the mass public soil survey by subsequent sampling is presented 
in Chapter 9. The first part of this investigates patterns of earthworm abundance, to see if they are 
reproducible by subsequent, more detailed sampling. The chapter reports on the testing of the 
hypothesis that there are differences in concentrations and profiles of organic, metal and metalloid 
contaminants in woodland soils and in the surrounding grassland soils in four areas identified 
from the public survey. It details the investigation of which soil physical, climatic, and chemical 
factors are influencing the distribution of earthworms and the relationship between earthworm 
species, ecological groups and abundance and soil properties, and soil chemistry. This allows 
appraisal of how patterns in earthworms relate to anthropogenic soil contamination and soil 
properties that may be altered by soil degradation. 
Evaluation of the public involvement in soil protection is presented in the general discussion 
section. This chapter discusses implications for policy of public participation in soil protection. It 
evaluates the economics of soil degradation, implementation of soil protection measures and the 
resource savings from using the public. It describes the drivers toward public participation in 
harmonised soil protection policy. Finally, the summary of findings of the thesis has been 
presented in the conclusions section. The back matter of this thesis consists of a list of references 
and appendices relevant to the material in the main body.  
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3.4 Significance of Thesis 
The 40 years that have passed since the beginning of the ‘environmental revolution’ has seen a 
large increase in development of policies for the protection of environmental media and a 
recognition by the public of the importance of environmental quality. There have however, been 
challenges in the implementation of soil protection policy. This includes the proposed EU Soil 
Framework Directive, which faces objections on the grounds of subsidiarity and proportionality, 
expected costs and administrative burden. The approach presented in this thesis to use indicators 
which apply across soil functions, which are collected by the public, and used to prioritise further 
detailed assessment is a novel element of a potential solution to implementation of policies for soil 
protection. Findings from this thesis will help regulators to realise the benefits that can come from 
public participation in environmental quality management, and the practicalities for 
implementation of such approaches. The thesis also emphasises the importance of consideration of 
soil protection in forthcoming development of overarching environmental protection measures, 
and for an increased emphasis on soil biodiversity in environmental policy. 
Most of the chapters making up this thesis are based upon papers prepared for publication in the 
peer reviewed literature, this reflecting the originality of this research. All of the main research 
chapters have been either published, or submitted to peer reviewed journals, or are in preparation 
for submission (see section 3.5). Findings from the research were selected for publication in 
Environmental Science and Technology journal’s Environmental Policy: Past, Present special issue, 
in a paper entitled From Chemical Risk Assessment to Environmental Quality Management: The 
Challenge for Soil Protection. This special issue recognising closure of a ‘green’ decade in which 
people became more aware of environmental issues, and society marked the 40th anniversaries of 
Earth Day, the US Clean Air Act and Clean Water Acts, and the US Environmental Protection 
Agency. The journal articles presenting the research in this thesis have also been distributed to 
members of the CIWEM Contaminated Land Network. 
Posters have been presented at the 2009 and 2010 OPAL project conferences, detailing research 
about investigation of soil degradation using members of the public, and how analysis of public 
data showed patterns in earthworm abundance and how this would be further investigated. A 
poster ‘Development of a Screening Method to Prioritise Soils for Protection’ was presented at BGS 
FutureThames London Earth Seminar 2011. The OPAL Soil and Earthworm Survey has been 
documented in the European Commission’s European Atlas of Soil Biodiversity (2010) as a 
programme designed to teach the soil ecosystem and to involve volunteers in monitoring soil 
organisms. The increase in understanding regarding soil biodiversity and encouragement of people 
to get in touch with nature and soil are recognised in the publication. 
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4 The need for soil quality management 
This chapter presents a study into the definition of soil, how the assessment of soil quality has 
developed as a concept, the extent of consensus in the scientific and legislative communities, and 
reviews how far current soil quality definition and assessment meets policy requirements. 
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4.1 Introduction  
Soil is relatively complex compared to other environmental media, this is confounded by its spatial 
heterogeneity both over the Earth's land surface but also with depth. It is a continuum covering 
the Earth's surface, not a discrete set of entities, and most soil is below ground and not readily 
visible (Buol et al. 2003). The complexity of this natural system is manifested in the subject of soil 
science, which involves the study of complicated interrelated and interdependent processes 
(Shainberg 2000). Soil science is interdisciplinary and includes soil physics, soil chemistry, 
pedology, and edaphology. 
Soil degradation is the long-term decline in soil's current or future productivity and its 
environment moderating capacity (Lal 1994, Lal 1997b, Lal 2001, Oldeman 1988). The main soil 
degradation processes include: 
• soil erosion by water and wind;  
• development of extreme soil reaction (acidification and salinisation/alkalisation);  
• physical degradation (structural destruction, compaction, and extreme moisture regime); 
• biological degradation;  
• unfavourable changes in the nutrient regime;  
• decrease of buffering capacity; and, contamination from natural or anthropogenic sources 
(Blum 1997, Várallya 1989) 
Major threats for soil in Europe are highlighted in the EU soil thematic strategy (EC 2006a), see 
background seCTion. Soil degradation normally signifies a change or disturbance of soil quality, 
implying decline in quality and capacity of soil through natural or anthropogenic perturbations 
(Johnson et al. 1997, Lal 2009). 
There is a move towards protection of soils to the same extent as for water and air and to promote 
sustainable use of soil (Quevauviller et al. 2003, Blum 2003). This has increased the importance of 
soil in environmental disciplines and has occurred for a number of reasons. The drivers for this rise 
have been a proliferation of contaminated land legislation, soil geography and soil–geographical 
zoning, agricultural soil management zone identification, environmental impact assessments and 
strategic environmental assessment taking into account soil quality, their characterisation and 
management (Fleming et al. 2000, Glasson et al. 2005, Nathanail et al. 2004, Urusevskaya 2007, 
Wood 2003). Soil is the basis of economic and cultural activities; however the economic value of 
soil has not adequately been recognised (Görlach et al. 2004). Due to the fundamental link 
between soil and the economy there are many economic activities that depend both directly and 
indirectly on soil quality including agriculture, industry and tourism. These economic activities 
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could benefit from development of soil quality assessment methods, action prioritisation systems, 
and more generally from sustainable soil use and conservation. 
Countries including the USA, Japan, Canada, Australia, Brazil and a number of developing countries 
have established soil protection policies (EC 2006e). Legislation aiming to protect soils in Europe 
includes the soil thematic strategy (EC 2006a), and the proposed soil framework directive (SFD) (EC 
2006a). A number of EU member states also have legislation that alludes to soil protection; 
however the majority of this is focused on soil contamination. Some EU states that have policies 
addressing broader soil protection issues include the Netherlands, Germany and Belgium. These 
countries have some of the most advanced policies for soil protection in the EU, and in a survey in 
2003 were found to be the only states with a specific legally binding definition of soil (Van-Camp et 
al. 2003). The Netherlands has a number of policies to address long-term protection, management 
and sustainable use of soils including the 1987 Soil Protection Act (amended 2008) (VROM 1986), 
the 2003 Soil Policy Letter (van Geel et al. 2003) and the 2009 Soil Remediation Circular (VROM 
2009). German policy for the protection of soils includes the 1998 Federal Soil Protection Act 
(Federal Ministry for the Environment Nature Conservation and Nuclear Safety 1998), and the 1999 
Federal Soil Protection and Contaminated Sites Ordinance (Federal Ministry for the Environment 
Nature Conservation and Nuclear Safety 1999). In Germany, there are a number of government 
agencies that have been established for soil protection, the Federal Institute for Geosciences and 
Natural Resources was formally established in 1975 and the Federal Environment Agency Soil 
Protection Commission (KBU) in 2004. The Public Waste Agency of Flanders (OVAM), Belgium, 
developed a soil remediation and protection decree in 2007, replacing a previous version of 1995 
(Public Waste Agency of Flanders (OVAM) 2007). The Flemish government, of Belgium, approved 
the ‘Order of the Flemish Government establishing the Flemish regulation on soil remediation and 
soil protection’ that accompanied the decree in December 2007 (Flemish Government 2007), 
replacing the previous version of 1995. 
In Europe, there is general support for an overarching Framework Directive on soil protection, 
with the majority of states holding the view that the proposed directive will fill a gap in Union 
environmental legislation and provide a more holistic approach to soil protection (EC 2010e). 
Despite the relatively recent introduction of policies for its protection, soil nevertheless is an 
environmental medium that is often neglected, because there is no widespread understanding of 
the importance it has for ecosystems and the economy (Dimas et al. 2008). Despite the increase in 
environmental awareness, the same cannot be shown of the general society's attitude toward soil 
(Ferreira, M. da G. de V. X. 2006). The public's knowledge of, and interest in other environmental 
media such as air and water are higher than of soils. For the case of air, the level of knowledge is 
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mainly because of the impact on public perception of the history of air pollution and dramatic 
local events (Brimblecombe 2001). Similarly, water is perceived as very important and has played 
its part in both historical and current conflicts (Gleick 2008). The link between human health and 
both air and water quality has been a driver for developing public perception and the need for 
environmental regulations. 
Even when conflicts have been associated with the availability of arable land and farm production, 
soil has never been properly understood or perceived as important. On the contrary, soil has often 
been pushed to the background in public commitment to environmental conservation. This is in 
part due to the unaddressed problem of clearly defining soil, and the more complicated issue of 
objectively defining or assessing its quality. The links to the environment and human health are 
not evident for soil to the same extent as water and air. Soil is often taken for granted and often 
mistakenly confused with dirt. There is a need for defining and communicating a richer, more 
broadly nuanced, and positive societal value of soil and its quality. 
In an effort to protect soils through encouraging development of soil protection policy and 
legislation, there is a need to define soil in order to assess the state of degradation to allow further 
understanding of the term ‘soil quality’. This chapter aims to increase understanding of soil and 
soil quality through review of the definition of soil and developments in the definition of soil 
quality and its assessment. It summarises concerns that have emerged following a phase of 
development since the initial definition of soil quality in the 1970s. The historical review was 
undertaken to understand the difficulties in defining soil quality as well as problems and concerns 
with assessment of soil quality. The review incorporates major concerns and unease in the field of 
soil quality and developments in the field of environmental protection to refine the definition of 
soil quality. This work has suggested development of a complimentary method to inform and 
prioritise further detailed assessment of soil's quality. 
This review is particularly relevant due to the simultaneous development of a number of country 
specific legislative instruments for soil protection and particularly with the emergence of European 
legislative drivers. The chapter has relevance to the situation surrounding the proposed framework 
directive on soil protection. As such, the concepts presented have potential EU-wide application, 
with relevance at member state level but more importantly for harmonisation across states. 
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4.2 Soil and soil quality  
There is some variability in the definition of soil; a selection of definitions is presented in Table 4.1. 
An early legislative definition by the Netherlands Ministry of Housing, Physical Planning and the 
Environment (VROM) is a simple statement about the physical nature of the soil; a definition very 
similar to that of the Public Waste Agency of Flanders. The German Federal Ministry for the 
Environment, Nature Conservation and Nuclear Safety definition is more detailed than that of the 
Netherlands and Flanders, and includes not only the physical components of soil but reference to 
soil's function. The Soil Science Society of America provides the definition that is accepted by the 
US Department of Agriculture and this definition of soil demonstrates the complex and 
multifaceted nature of soils (Soil Science Glossary Terms Committee 2008). The definition as used 
by the Environment Agency of England and Wales (EA) introduces the idea that soil is often seen 
as a resource, and therefore can be exploited (Environment Agency 2004). The definition in the 
proposed soil framework directive text (in the proposal of the Spanish presidency January 2010) is 
restricted to the chemical, physical and biological aspects of the soil, not mentioning function or 
economic production. 
A great deal of research has been undertaken to understand soil and describe its characteristics in 
more general terms. For example, the chemical function of soil has been assessed on national, 
regional and local levels by use of geochemical mapping (Barraclough 2007a, Johnson et al. 2005a). 
The technique was developed in the 1950s to give information on the spatial distribution of 
chemical elements and compounds at the Earth's surface (Johnson et al. 2008). In general, there 
has been a great deal of work to investigate simplified functions and processes of soil science; these 
however are regularly limited to the specific sub-discipline such as soil physics, soil biology or soil 
chemistry. There is a need to review the advances and development in the term soil quality, to 
define how the term relates to the uses of land and to anthropogenic activities. 
The potential effects upon other media from the soil system have the ability to influence 
compliance with regulatory standards such as the EU Water Framework Directive, which sets 
controls on the diffuse pollution from soil (EC 2006a). A method for prioritisation of impacts to 
groundwater from soils on a city wide scale is being developed by the British Geological Survey 
that takes into account factors including soil properties and soil metal concentration from urban 
soil survey data (Ó’Dochartaigh et al. 2009). 
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Table 4.1 Definitions of soil in legislation and literature 
Soil Definition Jurisdiction Reference 
The solid part of the earth including liquid and 
gaseous compounds and organisms therein 
Netherlands VROM 1986 
The upper layer of the earth's crust, as far as 
this layer fulfils the soil functions, and including 
its liquid components (soil solution) and gaseous 
components (soil air), except groundwater and 
beds of bodies of water 
Germany Federal Ministry for the 
Environment Nature 
Conservation and 
Nuclear Safety 1998 
Soil is the zone where plants take root, the 
foundation for terrestrial life and the basis for a 
large amount of economic production and varies 
in depth from a few centimetres to several 
meters 
UK  Environment Agency 
2004 
Solid part of the earth, including the 
groundwater and the other components and 
organisms that are present in it 
Belgium – Flanders Public Waste Agency of 
Flanders (OVAM) 2007 
Soil is generally defined as the top layer of the 
earth’s crust, formed by mineral particles, 
organic matter, water, air and living organisms 
EU EC 2006a 
(i)The unconsolidated mineral or organic 
material on the immediate surface of the earth 
that serves as a natural medium for the growth of 
land plants.  
(ii)The unconsolidated mineral or organic 
matter on the surface of the earth that has been 
subjected to and shows effects of genetic and 
environmental factors of: climate (including 
water and temperature effects), and macro- and 
microorganisms, conditioned by relief, acting on 
parent material over a period of time. A product-
soil differs from the material from which it is 
derived in many physical, chemical, biological, 
and morphological properties and characteristics 
N/A Soil Science Glossary 
Terms Committee 2008 
(i)A dynamic natural body composed of 
mineral and organic solids, gases, liquids, and 
living organisms 
(ii)The collection of natural bodies occupying 
parts of the Earth’s surface that is capable of 
supporting plant growth and that has properties 
resulting from the integrated effects of climate 
and living organisms acting upon parent 
material, as conditioned by topography, over 
periods of time 
N/A (Brady et al. 2008) 
The top layer of the Earth’s crust situated 
between the bedrock and the surface. The soil is 
composed of mineral particles, organic matter, 
water, air and living organisms 
EU (EC 2010c) 
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Despite the great deal of research into specific aspects of soil quality, most of this defines and 
assesses soil quality based on different simplified functions and processes of soil itself. An example 
of this is the agricultural land classification developed and implemented in the UK to assess quality 
of agricultural land taking into account climate, site and soil characteristics and the interactions 
between them (Ministry of Agriculture, Fisheries and Food 1988). Another example is the great 
increase in research into, and investigation of, contaminated land since the 1970s. This was mainly 
a reaction to a number of high profile contamination incidents that attracted media attention, 
such as Love Canal and Times Beach in the USA, Lekkerkerk in the Netherlands, Minimata in Japan, 
and incidents in the UK such as the landfill gas explosion at Loscoe, redevelopment of a munitions 
factory in Enfield, the detection of hexachlorobutadiene in houses in Cheshire, and The Corby 
Litigation Group v Corby District Council case concerning reclamation of a former steel works in 
Corby (Nathanail et al. 2004, Williams et al. 1991, The Corby Litigation Group v Corby District 
Council 2009). The increase in contaminated land research is also due to an increase in 
development of Brownfield sites, inclusion of contaminated land as a consideration in the planning 
process, and a willingness of companies to identify environmental liabilities (DEFRA 2002, Harrison 
et al. 2001, Alker et al. 2000). 
Contaminated land has the potential to pose serious environmental risks, including surface and 
groundwater contamination, and risks to human health and safety (Balasubramaniam et al. 2007). 
Although likely to be covered in future holistic soil protection regimes contaminated land is just 
one aspect of soil quality. It has traditionally a separate legislative area with its own related 
legislation and policy, independent from that of soil science and soil quality. Environmental 
standards used to assess contaminated land should not be confused with explicit assessment of soil 
quality. The contaminated land legislative area includes not only legislation specific to 
contaminated land but also general environmental, waste and resources, health protection, and 
planning and building control. Exhaustive lists of contaminated land legislation are available from 
governments; however examples of the main acts relating to contaminated land in a number of 
European states are detailed in Table 4.2. 
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Table 4.2 Examples of main contaminated land legislation in EU member states 
Member State/ Region Act Reference 
Belgium – Franders Soil Remediation Decree, 2006 Public Waste Agency of 
Flanders (OVAM) 2007 
Belgium- Brussels Ordonnance du 5 mars 2009 relative à la 
gestion et à l'assainissement des sols pollués 
Brussels Ministre de 
l’Environnement 2009 
Belgium- Walloon Décret du 5 décembre 2008 relatif à la 
gestion des sols 
Gouvernements de 
communaute et de 
region- Region Wallonne 
2009 
Germany  Federal Soil Protection Law, 1998 Federal Ministry for the 
Environment Nature 
Conservation and Nuclear 
Safety 1998 
Italy  Ministerial Decree 471 on the remediation of 
polluted sites, 1999 
Governo Italiano 1999 
Netherlands Soil Protection Act, 1987 (Amended 2008) VROM 1986 
Slovakia Act on Environmental Burdens Ministerstvo životného 
prostredia Slovenskej 
republiky 2011 
Spain  Royal Decree on contaminated soils, 2005 
 
Spanish Central 
Government 2005 
Sweden  Environmental Code, 1999 Swedish Ministry of the 
Environment 1999 
UK- England  The Contaminated Land (England) 
(Amendment) Regulations 2012 
UK Government 2012 
UK- N. Ireland The Waste and Contaminated Land (1997 
Order) (Commencement No. 6) Order 
(Northern Ireland) 2002 
Northern Ireland 
Executive 2002 
UK- Scotland The Contaminated Land (Scotland) 
Regulations 2005 
The Scottish Government 
2005 
UK- Wales Contaminated Land (Wales) Regulations 
2006  
National Assembly for 
Wales 2006 
There are some states with legislation specific to contaminated soil, and a number of states that 
have overarching soil protection legislation; however, these still focus largely on soil 
contamination. The legislative framework in EU member states has similarities in investigation of 
presumed contamination; mostly following a similar stepwise approach with preliminary 
investigation followed by detailed investigation and remediation (Provoost et al. 2006). Soil 
cleanup standards are seen as a trigger for detailed investigation and remediation, however these 
values vary in derivation and application across member states. For the case of soil quality 
indicators, apart from contaminant concentration, trigger values for action have mostly not been 
adequately researched and there is a lack of implementation so far within EU member states (UK 
Soil Indicators Consortium 2006). 
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To support development of national contaminated land management programmes, a likely 
requirement of the EU SFD (EC 2006a) a driver–pressure–state–impact–response (DPSIR) framework 
has been suggested to provide an information framework to support interventions on 
contaminated land management at a national level and the source–pathway–receptor model to 
provide guidance at a site level (Rodrigues et al. 2009). This method would meet the requirement 
in the proposed SFD of identification of contaminated sites but would not go so far as to meet the 
requirement to identify geographical risk or priority areas for soil degradation. Identification 
methods however, will not be prescribed in environmental policy itself and is likely to require the 
development and use of additional tools. 
Presence of contaminants from diffuse sources potentially present below traditional risk screening 
levels should not be overlooked. Although through risk assessment the presence of these 
contaminants is not necessarily considered a threat to human health, their presence can impact 
upon aspects of soil quality such as soil biodiversity (van Straalen et al. 2008). Diffuse pollution of 
soils also has the potential to exacerbate the impact of other soil quality aspects such as erosion, 
leaching and run off and ultimately upon a number of soil functions (Quevauviller 2007). 
Soil quality needs to include contamination, within a holistic assessment approach that includes 
other aspects of soil quality. As previously stated, soil degradation can be defined as a decline in 
soil quality, and major soil degradation processes are erosion, decline in organic matter, local and 
diffuse contamination, sealing, compaction, decline in biodiversity, salinisation, floods and 
landslides. Ultimately extreme degradation leads to desertification, an advanced stage of land 
degradation where the soil has lost part of its capability to support human communities and 
ecosystems (EEA 1999). These soil degradation processes can, therefore, be seen as key threats to 
decline in soil quality and seen as a key focus of the definition, identification and assessment of soil 
quality. 
4.3 Historical review of assessment of soil quality  
Proposals to assess soil quality emerged initially in the USA. An early proponent of the concept 
was Alexander (1971) who first suggested developing soil quality criteria. The development of the 
definition of soil quality over time is detailed in Table 4.3. 
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Table 4.3 Development of the definition of soil quality  
Soil Quality Definition Year Reference 
The sustained capability of a soil to accept, store and recycle water, nutrients 
and energy 
1984 Anderson 
et al. 1984 
The state of existence of soil relative to a standard, or in terms of a degree of 
excellence 
1991 Larson et 
al. 1991 
The capacity of a soil to function, within ecosystem and land use boundaries, to 
sustain productivity, maintain environmental quality, and promote plant and 
animal health 
1994 Doran et al. 
1994 
Ability of soil to perform or function according to its potential, and changes over 
time due to human use and management or to unusual events 
1995 Mausbach 
et al. 1995 
The capacity of a specific kind of soil to function, within natural or managed 
ecosystem boundaries, to sustain plant and animal productivity, maintain or 
enhance water and air quality, and support human health and habitation 
1997 Karlen et 
al. 1997 
Encompassing an indefinite (open) set of tangible or dispositional attributes of 
the soil. These attributes may be substituted for or supplemented by other 
attributes without needing to change the term. Therefore it is a vessel to contain 
what is assigned to it. The attributes assigned to the term will differ among soil 
and the various demands, because the term is influences by value judgements  
2000 Patzel et al. 
2000 
The report ‘A framework for land evaluation’ by the Food and Agriculture Organization (FAO) 
(1976) of the United Nations defined land quality as ‘a complex attribute of land which acts in a 
distinct manner in its influence on the suitability of land for a specific kind of use’. The FAO report 
introduced the idea that land quality is complex and should be assessed in relation to the specific 
function that the land serves. Carter et al. (1997) outlined the differences between land and soil 
quality whereby soil quality is more restrictive than land quality but frequently incorporates the 
same emphasis on use. 
Warkentin and Fletcher (1977) developed soil quality as initially suggested by Alexander (1971) by 
integrating the relationship of soil quality with the land function. The authors stated that 
assessment of soil quality was needed to facilitate better land use planning because of the 
increasing number of functions that soil resources must either provide or accommodate. 
Warkentin and Fletcher (1977) recognised the value of soils in the biosphere, and stated that soils 
have not only current use value but also should have an intrinsic value. The relationship between 
soil quality and environmental quality is evident in the Anderson and Gregorich (1984) definition. 
Larson and Pierce (1991) along with their definition of soil quality suggest a minimum dataset of 
soil parameters which could be used to express the ‘health’ of a soil. The Larson and Pierce (1991) 
definition introduces soil health, a term that can be used interchangeably with the term soil 
quality. The term soil quality, however, is one used more regularly by soil scientists and soil health 
used by other parties. The phrases, although used interchangeably, do however have different 
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emphasis. Karlen et al. (1997) state that soil quality can be viewed as an inherent characteristic of 
the soil, or as the condition or ‘health’ of the soil. However, the difference in emphasis between soil 
health and soil condition was highlighted in Mausbach and Tugel (1995), with soil health differing 
from soil condition whereby soil health ‘is the ability of the soil to perform according to its potential. 
Soil condition changes over time due to human use and management or to unusual natural events’. 
Seybold et al. (1998) suggested that soil quality evokes various responses depending on scientific 
and social background. To the land manager and farmer, soil quality is often viewed as that of soil 
health (Romig 1995). Soil health is a term preferred by some as it portrays soil as a living, dynamic 
system whose function is mediated by a diversity of living organisms that require management and 
conservation (Doran et al. 2000). Doran and Zeiss (2000) state that the term soil quality is 
associated with a soil's fitness for use and the term soil health is associated with the capacity of a 
soil to function as a vital living system, to sustain biological productivity, promote environmental 
quality and maintain plant and animal health. 
Pierce and Lal (1992) differentiated between the intrinsic properties of a soil as determined by the 
soils development and degradation processes, and the soils productivity describing the efficiency 
in use and management of resource inputs. 
The classification of soil quality as ‘fitness for use’ aligns soil quality assessment with soil function 
(Pierce et al. 1993). Assessment of soil quality requires the intended soil use to be determined in 
order to establish the soils capacity to function (Schoenholtz et al. 2000). Recent and proposed soil 
protection policy requires action on threats to soil with regard to the soil function (Blum et al. 
2004a, de Souza 2009). Carter et al. (1997) suggested a framework for evaluating soil quality that 
includes describing each soil function on which quality is to be used, selecting soil characteristics 
of properties that influence the capacity of the soil to provide each function, choosing indicators of 
characteristics that can be measured, and using methods that provide accurate measurement of 
those indicators. 
The Doran and Parkin (1994) definition includes not only soils ability to function, but includes key 
soil functions in the definition. A widely used definition of soil quality is that of Karlen et al. (2001), 
the product of a Soil Science Society of America (SSSA) Ad Hoc Committee on Soil Quality (S-581). 
The result of the committee on soil quality is clearly based upon the Doran and Parkin (1994) 
definition. The Karlen et al. (1997) definition is used widely by the United States Department of 
Agriculture including in their technical note on soil quality physical indicators (NRCS 2008b). The 
definitions from both Doran and Parkin (1994) and Karlen et al. (1997) include dynamic soil 
quality, a term that refers to the condition of soil that is changeable in a short period 
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by human impact including agricultural management practices (Seybold et al. 1998, Idowu et al. 
2008). 
Patzel et al. (2000) attempted to make a distinction between soil fertility and soil quality for the 
German language literature. The distinction of soil quality from soil fertility was recommended to 
prevent ideal attributes in soils being included in the definition of soil fertility and to reduce 
confusion associated with the two terms as has been seen in the USA. 
In the USA the establishment, in 1993, of a Soil Quality Institute (SQI) provided the United States 
Department of Agriculture (USDA) Natural Resources Conservation Service (NRCS) with an 
emphasis on soil quality. The SQI has a mission to develop and disseminate tools for soil quality 
assessment (Ditzler et al. 2002). 
In summary, soil quality has developed from the suggestion of Alexander (1971) that soil quality 
criteria should be developed, later in the 1970s it was suggested that soil quality should be 
evaluated in relation to land function (Warkentin et al. 1977). The interaction with holistic 
environmental quality, water and air quality was discussed in the mid 1980s (Anderson et al. 1984). 
There was much discussion of the subject in the 1990s including suggestion of minimum datasets 
for assessment, discussion about the differences between soil health and soil quality, and a 
differentiation between the intrinsic properties of a soil and soils productivity as a result of 
management practices (Larson et al. 1991, Mausbach et al. 1995, Karlen et al. 1997, Seybold et al. 
1998, Romig 1995, Doran et al. 2000, Pierce et al. 1992). Doran and Parkin (1994) and  Pierce and 
Larson (1993) developed the definition further by including key soil functions, the fitness for use 
and the dynamic state of soils in the definition of soil quality, which clearly inspired later 
definitions (Karlen et al. 1997, NRCS 2008b), and influenced soil protection policy (Blum et al. 
2004a, de Souza 2009). 
4.4 Concern over the definition of soil quality 
Despite formation of a soil quality institute in the USA and a large amount of discussion 
predominantly attempting to define soil quality, consensus amongst the scientific community on a 
precise definition of soil quality has not been reached (Ditzler et al. 2002). This is likely to be due 
to the innate difficulty in the definition of soil and the complex nature (i.e., scientific, personal, 
and social) of environmental concerns (Carter 2002). 
Following the large amount of work to define soil quality, there has more recently been some 
dispute about the relevance and impact of soil quality. MacEwan and Carter (1996) and Carter 
(2002) stated that although soil quality describes an objective state or condition of the soil, it also 
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is subjective, evaluated partly on the basis of personal and social determinations. Doran and Parkin 
(1996) described that in the 5 years preceding the publication there had been concern about 
deficiencies in the basic understanding of soil quality and a lack of a mechanistically based soil 
quality methodology, particularly of the soil biota. 
Sojka and Upchurch (1999) expressed concern over the move in soil science from value neutral 
tradition of edaphology (the ecological relationship of soil with plants, and land cultivation 
practices), and specific problem solving to a paradigm based on variable and often subjective 
societal perceptions of environmental holism. They suggested that although soil quality does 
acknowledge the variable soil functions it fails to integrate the simultaneous, diverse and often 
conflicting soil functions. Further to this, they emphasise the importance of understanding rather 
than rating of the soil resource. They highlight the conflict occurring between, for example, 
agricultural production or use as a platform for construction, and functioning as an environmental 
buffer and store of water. 
Concerns expressed by Karlen et al. (2001) emphasise the lack of inclusion of soil functions, and of 
meaningful indicators for those functions. The work discussed the difficulty in interpreting 
indicators for various soil functions that can be used to track soil quality over time. Letey et al. 
(2003) expressed that soil quality has a dysfunctional definition, and that there are problems in the 
approach to quantification of soil quality. Letey et al. (2003) agreed with Sojka and Upchurch 
(1999) who stated there is a failure of soil quality to integrate simultaneous soil functions which 
often require contradictory soil properties and management (Karlen et al. 1997). 
Sojka et al. (2003) restates many of the concerns seen in earlier literature including those about the 
elusiveness and value-laden nature of the soil quality definition. The work reiterates concerns 
expressed by earlier studies into the often multiple functions of soils that occur simultaneously. 
Stating that development of soil quality assessment has diverted research away from developing 
improved management to solve problems. 
There have been issues defining the boundaries of assessment when evaluating soil quality. Rather 
than focusing on ability to carry out specific functions, increasingly issues such as the 
environmental cost of agricultural production and the potential for reclamation of degraded soils 
are considered when discussing soil quality (Singer et al. 2000). 
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4.5 Soil functions  
As described by critics of soil quality, soil can have multiple functions. Sojka and Upchurch 
(1999) describe how soil performs several functions simultaneously not several functions 
separately. Letey et al. (2003) described how soil may perform well for one function and badly for 
another function that is occurring simultaneously. Karlen et al. (1997) acknowledged problems 
with assessing soils multiple functions when reviewing a work by Doran and Werner (1990), where 
the soil management was affecting the rating and performance of two functions. 
There is considerable overlap in the functions of soil as expressed in the literature, though 
expressed in different wording the soil functions expressed by different sources cover the same 
fundamental subjects: 
• maintains biological activity and productivity (Doran et al. 1994, Karlen et al. 1997), 
serves as a medium for plant/food/fibre growth (EC 2006a, Larson et al. 1991, 
Loveland et al. 2002), supports plant productivity/yield (Karlen et al. 1997), 
supports human/animal health (Karlen et al. 1997); 
• acts as a biodiversity and gene pool (EC 2006a, Montanarella 2008, Lal 1997a, Lal 
1998); 
• partitions and regulates water/solute flow through the environment (Larson et al. 
1991, Karlen et al. 1997); 
• serves as an environmental buffer or filter (EC 2006a, Larson et al. 1991, Loveland et 
al. 2002), maintains environmental quality (Doran et al. 1994, Karlen et al. 1997);  
• cycles nutrients, water, energy and other elements through the biosphere (Karlen 
et al. 1997); 
• supports socioeconomic structure, cultural and aesthetic values, (Lal 1998) and a 
platform for human activities and landscape (EC 2006a, Sombroek et al. 1995); and 
• an archive of heritage (EC 2006a, Lal 1998, Sombroek et al. 1995). 
Lal (2007) reviewed the scientific literature and classified soil function research into the themes of 
food security, bio fuels production, waste disposal, carbon, farming, and water resources. 
The soil functions that have been suggested in the literature generally fit in with the definition of 
ecosystem services, the benefits that human beings gain from natural ecosystems as defined 
by Daily (2000). Ecosystem services can be categorised as the production of goods, regeneration 
processes, stabilizing processes, life fulfilling processes, and preservation of options (Daily 2000). 
Soil quality is connected to other environmental media, and the biological systems that are 
supported by the soil. The interconnections can be described as direct or indirect, as detailed in 
Figure 4.1. 
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Figure 4.1 Connections between soil health and the environmental and biological systems 
supported by soil. Direct (1a-1d) and Indirect (2a-4a) quality and health connections of soil 
to air, water, plants, animals, and people (Harris et al. 1996). 
The ecological risk assessment process (also sometimes referred to as environmental risk 
assessment) evaluates the potential significance of impacts in regard to likely effects upon 
ecological receptors as the result of exposure to a stressor (Suter 2007, Hope 2006). Ecological risk 
assessment includes evaluation of ecological aspects for each soil use to formulate soil screening 
values based upon soil use (European Chemicals Bureau 2002, Quercia et al. 2002). 
Toxicity of contaminated soils has become a major focus in ecological risk assessment, and can be 
used to set generic or site-specific soil quality guidelines and for guiding on-site contamination 
mapping and remediation (Suter 2000, Burns et al. 1996). Toxicity data informing ecological risk 
assessment can be comprised of single-chemical or single material data; ambient media toxicity, 
site-specific in-situ or laboratory toxicity tests of contaminated media; or biological survey, site 
specific sampling or observations of organisms, populations or communities in contaminated areas 
(Suter 2000). Increasingly use of single bioassays have been found not to provide a full enough 
picture of the quality of the environment, therefore battery tests of a number of bioassays of 
different animal and plant species from different trophic levels have been used to reduce 
uncertainty (Bierkens et al. 1998, Juvonen et al. 2000). Although bioassays have been used 
extensively in assessing the effects of contaminants in soil, use in assessment of other aspects of 
soil quality have been limited (Seybold et al. 1998, Schloter et al. 2003). It has been suggested that 
bioassays should not be used as the only measure of soil quality. The response of a bioassay is a 
function of many confounding non-soil factors in addition to soil quality. Soil sustainability and 
the effects of management should be determined by measuring soil properties and processes 
directly (Seybold et al. 1998, Burger 1996). 
 
Soil
Air
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2b 3b 2c 
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4.6 Soil quality indicators  
Soils have chemical, biological and physical properties that interact in a complex way to give soil 
its capacity to function (Seybold et al. 1998). Owing to the wide scope of functions encompassed in 
the definition of soil quality, it is not possible to directly assess soil quality (Doran et al. 1994, 
Ditzler et al. 2002, Burger et al. 1999). Existing methods have first identified the functions of 
interest and selected indicators to observe and measure, inferring the ability of the soil to perform 
that function (Ditzler et al. 2002). The use of indicators of soil quality has been discussed widely in 
the literature and minimum datasets suggested in a number of studies (Larson et al. 1991, Doran et 
al. 1994, Bouma 1989, Arshad et al. 1992). 
Common to the minimum datasets of soil quality indicators suggested in the literature is that they 
include a combination of physical, chemical and biological soil properties. This suggests that for a 
soil to function effectively all three factors must be addressed, Figure 4.2 (Ditzler et al. 2002, 
Stenberg 1998). These classes of properties match the physical, chemical and biological soil 
degradative processes, mechanisms that set in motion the degradative trends (Lal 1997b). Typically 
soil assessment has looked at chemical properties, measured using chemical indicators, or has 
looked at properties and indicators specific only to the function of interest. Holistic soil quality 
attempts to integrate the three types of soil properties (Karlen et al. 2003b). There is rarely an exact 
match between function and indicator, with a function often supported by a number of soil 
properties, with a soil property or process being relevant to several soil attributes or functions 
simultaneously (Schoenholtz et al. 2000). Correspondingly, categories of soil properties (chemical, 
biological, and physical) do not exactly align with the soil functions. The complex interactions 
between soil properties, indicators, and soil functions require that for assessment of soil quality 
integration of soil properties into the soil property categories is necessary. 
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Figure 4.2 Relationship between soil quality factors, soil quality and environmental quality 
(Andrews et al. 2002). 
Burger and Kelting (1999) suggested that good indicators should have the following features: 
• possess an available baseline against which to compare change; 
• provide a sensitive and timely measure of a soil's ability to function; 
• be applicable over large areas but specific enough to be sensitive; 
• be capable of providing a continuous assessment; 
• be inexpensive, easy to use, collect, and calculate; 
• discriminate between natural changes and those induced by management; 
• be highly correlated to long-term response; and 
• be responsive to corrective measures. 
The increase in the value of basic data by using it to estimate more expensive and laborious to 
obtain data were named by Bouma (1989) as pedotransfer functions (PTF), and defined as 
translating data we have into what we need. Examples are computer programs such as Soilpar 
(Acutis et al. 2003) and Rosetta (Schaap et al. 2001) that were developed to estimate the soil 
hydraulic properties from surrogate soil data such as soil texture, bulk density, organic carbon, soil 
pH, and cation exchange capacity. Pedotransfer functions were the basis for the development of 
soil interference systems (SINFERS) that take measurements known with a level of certainty and 
infer data that is not known with minimal inaccuracy using logically linked predictive functions 
(McBratney et al. 2002).  
4.7 Risk Based Approach to Soil Quality 
Regulatory bodies are increasingly using risk-based approaches to environmental decision making 
(Pollard et al. 2002). Such risk-based decision making does, to some extent, include soil quality, 
however this is predominantly in the assessment and management of soil contamination, just one 
part of soil quality. Although use of risk based methods have not been extensively used to assess 
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other aspects of soil quality, the methods and decision making processes have potential for wider 
application in soil quality assessment. 
In such current soil contamination risk based assessment the effect of contaminants 
on humans and ecosystems is investigated, rather than using the total contaminant concentration 
in the soil (Madejón et al. 2006). The source–pathway–receptor pollutant linkage is used in 
environmental risk assessment, and extensively in the assessment of risks from contaminated land 
(Nathanail et al. 2004). In assessment of the risk from contaminated land, a potential for risk exists 
if there is a source of contaminants, a receptor sensitive to the contaminant at the level of exposure 
present, and a pathway linking the two. A potential risk is said to exist, only if all three (source, 
pathway, and receptor) elements are present (Hardisty et al. 2005). 
The definition of a soil's quality in terms of the source–pathway–receptor linkage allows potential 
for assessment in terms of the risk posed to or from soil to other environmental media, and allows 
the inclusion of soils often multiple functions. Although a function of soil is to act as an 
environmental filter (EC 2006a, Larson et al. 1991, Loveland et al. 2002) soil has the ability to act as 
a source, a pathway and a receptor to contaminants. All three aspects being affected by indicators 
of properties regularly used to determine soil quality, the linkage, processes and properties are 
detailed in Table 4.4.  
Table 4.4  Interaction between risk linkage, soil process, and soil properties  
Linkage Process Soil Properties 
So
ur
ce
 
Leaching Cation exchange capacity, crop/ plant cover, soil texture, soil permeability, 
soil organic matter, soil pH 
Ingestion of plant of 
animal products  
pH,  soil texture, cation exchange capacity, soil organic matter, porosity, 
bulk density, water content, hydraulic conductivity, soil temperature 
Direct ingestion pH,  cation exchange capacity, Fe- and Mn oxide content, particle size 
distribution, total organic and inorganic carbon, water content, bulk 
density, porosity 
Vapour transfer Total porosity of the unsaturated zone, water filled porosity unsaturated 
zone, organic carbon fraction, soil dry bulk density, soil permeability, 
moisture content, soil texture, soil temperature 
Radon Exposure Radium concentration and its distribution in the soil, soil porosity, 
permeability, moisture content  
Pa
th
w
ay
 Wind erosion  Soil erodible fraction,  soil crust, soil roughness, soil texture, bulk density, 
crop/ plant cover 
Migration, plant uptake 
and volatilisation  
Soil redox status 
R
ec
ep
to
r 
Point or diffuse source 
pollution (natural and 
anthropogenic) 
Buffering capacity, soil microbes, ph and redox conditions, occurrence of 
carbonates, Fe- and Al- hydroxides, inorganic substances capable of 
chemisorptions, content and composition of organic substances, clay 
content and mineralogy, hydrolytic acidity, cation exchange capacity, 
amount of exchangeable bases and exchangeable Al, soil texture 
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A contaminant is a substance that is not naturally present in the environment or is present in 
concentrations with the potential to adversely alter an environment (Saunier et al. 2009). Soil can 
act as a primary source of contamination, that is a direct flux, or a secondary source by the release 
of contaminants that have previously affected the soil. The potential of soil to act as a source is 
highly variable due to the heterogeneous nature of the soil both with regard to controlling soil 
properties, but also the chemicals present and their concentration. The nature of soils being 
dynamic means that there is a flux of chemicals across soil depths (i.e. movement from topsoil to 
sub soil and the opposite) and spatially. There are constant changes in the soil state due to natural 
leaching processes and interactions/fluxes between soil water, soil gas and the organic and mineral 
components of soil. 
Soils acting as a source can occur when water travels through the soil matrix, combined 
with carbon dioxide to form a weak carbonic acid. As the weak carbonic acid moves through soil, 
small amounts of naturally occurring minerals and man-made chemicals held within the soil 
matrix are dissolved and held in solution, a process known as leaching (Neung-Hwan et al. 2004). 
Potential receptors can include ground and surface waters, drinking water, humans, animals, 
services, industrial processes, and household appliances. Calcium and magnesium leached from 
the soil is a cause of ‘hard water’ making soaps and detergents less effective and effecting water-
using appliances (Boyd 2000). In small doses potentially leached substances such as, fluoride, iron, 
and copper can be beneficial to human health, but in larger doses can be harmful (Bogden et al. 
2000), and elements such as lead, arsenic, and mercury are of concern to human health (Alloway 
1994). Although carbonic acid is the main leaching agent in natural systems leaching is dependent 
on the type, quantity and characteristics of the leaching agent; there are many natural and 
anthropogenic lixiviation agents including sulphuric acid, and humic or fulvic acids (Johnson et al. 
1979). Alternative leaching agents have been researched extensively in the remediation of 
contaminated soils (Johnson et al. 1979, Dirilgen et al. 2010). Common soil properties that 
determine the rate and quantity that material is leached from soils include the cation exchange 
capacity (CEC), crop/plant cover, soil texture, soil permeability, soil organic matter, and soil pH. 
Leaching is also dependent on climatic factors such as temperature and precipitation. Due to the 
number of controlling factors and the large variability in these properties, soils have a resultant 
highly variable susceptibility to leaching. 
In addition, soil can act as a source of contaminants through pathways such as the ingestion of 
plant or animal products that have assimilated contaminants from the soil, with humans or animal 
health as receptors (Earl et al. 2000, Collins et al. 2006, Sjöström et al. 2008, Michaud et al. 1991). 
Soil properties which affect the bioavailability of contaminants include soil pH, soil texture, CEC, 
soil organic matter, porosity, bulk density, water content, hydraulic conductivity, and soil 
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temperature (Chiou et al. 2001, Hung et al. 1997, Ryan et al. 1988, Topp et al. 1986, Trapp et al. 1995, 
Travis et al. 1988, Massas et al. 2002). Plants can modify the rhizosphere by production of organic 
acids and therefore may exclude or accumulate contaminants selectively (Glick 2004).  
There is also potential for the ingestion of contaminated soil directly by humans (especially 
children) and animals (Calabrese et al. 1997, Beyer et al. 1994). A physiologically based extraction 
test (PBET) can relate bioavailability to soil properties such as pH, CEC, Fe- and Mn-oxide content, 
particle size distribution, and total organic and inorganic carbon, water content, bulk density, and 
porosity (Stewart et al. 2003a, Stewart et al. 2003b, Thompson et al. 1992). The atmosphere can act 
as a pathway of contaminants from a soil source where there is a vapour transfer of contaminants 
to a receptor of humans, animals or buildings (Jury et al. 1990, Little et al. 1992, Cowherd et al. 
1985). Soil vapour transfer is influenced by climatic and meteorological factors as well as soil 
properties of total porosity unsaturated zone, water filled porosity unsaturated zone, 
organic carbon fraction, soil dry bulk density, soil permeability, moisture content, soil texture as 
well as soil temperature (Evans et al. 2001, Fischer et al. 1996). Besides vapour transfer of 
contaminants other soil to atmosphere transfers exist such as radon. Radon-222 is a natural 
radioactive gas that is produced from the decay of radium (226Ra), itself produced from the decay 
of uranium, found naturally in small, but heterogeneous, quantities in all soils and rock (Appleton 
2007). Exposure to radon indoors is the largest contributor to radiation exposure and has been 
linked to lung cancer (Darby et al. 1998, Miles et al. 2005). Soil gas has been identified as the main 
source of indoor radon (Nazaroff et al. 1989). Radon potential is the result of a combination of the 
properties of the soil, and the underlying geology such as the radium concentration and its 
distribution in the soil, the soil porosity, permeability, moisture content and meteorological 
variables (Winkler et al. 2001). 
An example of soil acting as a pathway is the creation of soil particulate matter by the process of 
wind erosion (Cave et al. 2009, Macleod et al. 2006). The particulate matter can carry 
contaminants to receptors such as humans or other organisms. Soil properties affecting wind 
erosion includes, soil erodible fraction, soil crust, soil roughness, soil texture, and bulk density. 
Plant factors that can affect wind erosion include growing crops and flat and standing residues in 
addition to climatic factors (Fryrear et al. 1998, Fryrear et al. 2000). Another example is the soil 
migration, plant uptake and volatilisation of radio-selenium material from contaminated 
groundwater, which is dependent on the soil redox status (Ashworth et al. 2006). 
Soils can also be a receptor, especially when they are perceived as a product, or a media that needs 
to be protected from pollution. Sources of soil contamination are diverse and can be defined as 
point source or non-point source (Rawlins et al. 2005). Point sources are those where the source of 
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pollution is clearly identifiable and can be traced back to the specific source such as leakages from 
underground storage tanks (Naidu et al. 2006b). Point source pollution is typically associated with 
acute pollution incidents and the assessment of this falls under the remit of traditional 
contaminated land investigation. With an increase in environmental legislation and environmental 
awareness since the 1970s and 1980s point source pollution has come under increasingly strict 
control. There has consequently been an increasing emphasis on non-point source pollution. The 
historic definition of soil quality has been related to non-point or diffuse pollution and its effects 
on the ability of soil to function. The effects of anthropogenic contamination can be assessed 
through monitoring of soil quality indicators over time. Non-point source pollution of soils is 
where there is no obvious single point source of discharge and the contamination is widespread in 
nature (Naidu et al. 2006a). This type of contamination, when compared to point source 
contamination, can typically be described as chronic pollution and can be associated with a decline 
in soil quality. Non-point contamination sources that have the potential to effect upon soils ability 
to function can include aerial transport and deposition of contaminants from a number of 
anthropogenic activities such as transport and heavy industry (Facchinelli et al. 2001) fertiliser and 
pesticide application (Torbert et al. 2002, Mostaghimi et al. 2001), and use of soil amendments 
(Voulvoulis et al. 2006). The susceptibility of soils to act as a receptor to contaminants depends not 
only on the presence of point or diffuse sources of pollution and the concentration of 
contaminants but on a number of soil properties and other factors. Susceptibility of soils to act as a 
receptor can be defined as the potential of soils to be effected by contaminants, this either by 
limiting build up of contaminants, by buffering contaminants, or degrading them (Karlen et al. 
2001, Glazovskaya 1990). 
4.8 Discussion  
The range of definitions of soil quality has developed since its initial inception by Alexander (1971), 
notably by the inclusion of consideration of the soil function. Since the initial activity however, this 
development has slowed and there have been a number of challenges to the definition of soil 
quality. Recent concerns are due to the failure of soil quality assessment to integrate simultaneous 
soil functions which often require contradictory soil properties and management (Sojka et al. 1999, 
Letey et al. 2003, Sojka et al. 2003).  
Soil quality should not be defined solely by the ability of soils to perform a single function (Sojka et 
al. 1999). It should include the potential to perform the multiple functions that are desired of it, 
by humans, ecosystems and to be able to successfully provide ecosystem services. It should also 
encompass that the soil can act as a source or pathway to other environmental media or soil 
functions. Such a multiple functional soil quality definition takes into account the growing need 
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for assessment of soil quality to incorporate the multiple and possibly conflicting functions of soils 
(Letey et al. 2003). Therefore soil quality assessment should be improved to meet changes in 
attitudes to soil and the environment being more than just a resource. 
Soil quality assessment, taking into account the specific functions, normally utilises a selection of 
indicators specific to the soil functions of interest (Ditzler et al. 2002). To that extent, dynamic 
indicator systems, whether selected using expert opinion or other methods such as principal 
component analysis, can create a good dataset for assessment of soil quality. However, even then, 
such methods cannot effectively compare soil quality between different soils of different functions. 
In addition, they often require indicators which are expensive and difficult or laborious to collect 
data for. Although there may be conflicting functions that soil is required to carry out, there is a 
notion that this does not happen in many circumstances, and that simultaneity of soils functions 
can take place. While soils function may determine ideal values for soil properties, there is overlap 
between the soil properties necessary for the assessment of the ability to carry out a specific 
function and these properties can be included in a minimum dataset. 
Following a risk based approach, such methods could be used initially to rank sites according to a 
specified soil function, but could not allow for the identification and prioritisation of areas for 
further investigation required for cross-functional improvements. To improve such a screening 
step, cross-functional indicators could be developed to enable ranking and prioritisation across 
different soil functions to inform further detailed investigation and risk assessment. The use of 
indicators in soil protection and soil quality assessment in legal frameworks is currently limited 
across Europe. The European Environment Agency has mapped soil quality of some southern 
European states, using indices based on soil parent material, soil depth, soil texture and the slope 
of the land surface. The indicator system appears to focus on desertification, where the soil has lost 
part of its capability to support human communities and ecosystems (European Environment 
Agency 2009).  
The cross-functional indicators should collect information on soils chemical, physical and 
biological properties and the associated factors that determine soils quality. Specific indicators 
used would depend on the method of data collection, sampling strategy, available resources, 
desired decision making output, and scale of application. Assessment must take place if a desired 
level of data quality will be met for indicators selected to allow adequate evaluation of the soil 
quality. Independent of factors controlling the amount of information collected there is a 
minimum dataset that will be required for assessment of soil quality. In addition, important 
information about land use and habitat will provide useful information. This information will 
likely provide more useful information when investigated spatially and not necessarily at a site 
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specific level. The scale at which these indicators would be applied depends on the spatial variation 
of soil properties, and research into this should be undertaken in the design stage of the system. 
Such method should be built upon significant experience of the use of screening tools in 
environmental and other applications. 
Detailed environmental assessment is often informed by the use of screening tools. Screening tools 
are generally designed to gather a large amount of information quickly and at a low cost. Screening 
tools are used extensively in many areas including healthcare, product development, international 
development, and environmental quality (Elmore et al. 2005, Calantone et al. 1999, Department for 
International Development (DFID) 2003). Screening tools used in the environment include flood 
risk (DCLG 2006), site prioritisation and regulation (Environment Agency 2009b), contaminated 
land (Pollard et al. 2004, US EPA 1996b), air quality (Department of the Environment (DoE) 1997), 
water quality (Alvarez-Guerra et al. 2009), environmental fate (Wilson et al. 1996, Duarte-
Davidson et al. 1996) and chemical risk (Pan et al. 2009). Similarly, the development of a ranking 
and prioritisation method for soil quality assessment has the potential to help toward 
implementing current and future soil regulation, for example the soil thematic strategy (EC 2006a) 
and the likely requirements of the SFD (EC 2006d, Van-Camp et al. 2004). The development of 
cross-functional soil indicators could facilitate direct comparison of soils and as such allow 
prioritisation of soils highlighted for further attention. Such indicators should be standard for 
every soil assessed, allowing expert knowledge of the methodologies by personnel carrying out 
multiple assessments with a resulting decreased level of error. The output of such assessment 
should still provide all the information incorporated and not just be a single index figure of soil 
quality. It should aim to provide evidence collated into a number of indices; that could be used by 
specialists to inform further decision making. 
The selection of cross-functional soil indicators, development of their indices and methods for 
interpreting them are all very challenging tasks. The use of pedotransfer functions as predictive 
functions of certain soil properties when determining soil quality indicators could support efficient 
assessment of soil quality (Bouma 1989, Jana et al. 2007). For example, soil name, topsoil textural 
class, land use, and mean temperature are often used to facilitate the estimation of the topsoil 
organic carbon (Daroussin et al. 1999). A compiled cross-functional soil indicator dataset could 
also be complemented by data from other sources to make estimates of other soil properties. Use 
of soil inference systems can be used to make estimates of expensive, difficult to obtain or 
unavailable indicators from the less expensive and easier to obtain broad soil indicators 
(McBratney et al. 2002). 
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In addition, previous soil quality assessment methodologies have not assessed soil organisms in the 
same detail as soil physical and chemical properties. The presence and types of soil organisms can 
facilitate cross-functional screening indicators and their use has great potential in soil quality 
assessment and remediation (Singer et al. 2001, Héry et al. 2008). Such an approach is in 
accordance with other environmental quality assessments that incorporate ecological risk in their 
frameworks (Ashton et al. 2008). 
The system of prioritisation of soils using measurement of cross-functional indicators suggested in 
this chapter does not aim to replace current methodologies that are required for risk assessment. It 
is not an alternative to the Triad approach that requires the simultaneous and integrated 
deployment of chemical, toxicological and ecological lines of evidence for risk assessment 
(Chapman 1986, Rutgers et al. 2001, Rutgers et al. 2011). On the contrary, the results of this 
screening step aim to support the weight of evidence approach (Chapman et al. 2002, Burton et al. 
2002, Interdepartmental Group on Health Risks from Chemicals 2002) by identifying areas of 
concern, focusing risk assessment investigations to reach a conclusion about an environmental 
system or stressor. 
Such a screening option has also the potential to facilitate long-term soil quality monitoring 
programmes. Although soil surveys have been carried out, these generally are not repeated in time 
and therefore qualify as inventories rather than monitoring programs (DEFRA 2003). Monitoring 
programs currently generally rely on repeat visits to a number of preselected sites e.g. Countryside 
Survey (Carey et al. 2008) and the Environmental Change Network (2009). Existing monitoring 
and inventory programs, especially those carried out before 1990, have largely omitted urban soils 
due to the emphasis of the programs use on mineral extraction, wanting to exclude anthropogenic 
pollution (Johnson et al. 2008). There are also issues with difficulty of accessing sites, and the 
heterogeneity of the urban environment. A prioritisation method that repeats surveys over time 
has the potential to be used to monitor soils and to provide data for areas where lacking from 
other programs, however will not replace existing monitoring programs. Such methods have the 
potential to fill in gaps in existing monitoring regimes and inform the need for further function 
specific assessment, potentially providing useful information to meet current and future 
regulations relating to soil and their protection. Methodologies to assess the impacts of land 
management practices and pollution on soil need to be developed, with this leading to practices 
preventing and managing degradation of soils. Broad cross-functional indicators might be more 
appropriate for such use. 
Soils do not have a static state and properties can vary significantly both spatially over small 
distances, and over time. Due to the dynamic state of the system, a single measurement in space or 
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time can be problematic in evaluation. There is a need to assess the dynamics of soil quality 
associated with varying soil properties and intrinsic cycles and trends associated with the spatial 
and temporal variability of soil properties and soil quality (Larson et al. 1994). There is a need to 
relate clearly how the dynamic state of soils influences its ability to function, and ultimately the 
soil quality. Use of cross-functional soil quality indicators could allow repeat measurements that 
can be affordably collected. Collection of repeat indicator measurements can allow determination 
of how spatial and temporal variability of soil properties can influence soil quality. It is with this 
knowledge that it can be adequately determined if soil quality is changing due to natural variation 
or is in fact subject to decline. 
Screening methodologies could be developed with the potential to act as the basis for collection of 
soil characteristics by non-specialists, allowing for even more cost effective, relatively quick, easy 
screening of soil characteristics. Use of a larger group of personnel makes regular repeated 
measurements of soils more feasible than solely using experts; however it would require 
considerable organisation and commitment from participants to provide more than just one off 
data. This could be accomplished using keen specialist groups. 
In general, based on the review undertaken in this chapter, further research is required to develop 
an effective methodology/framework for soil quality assessment under emerging regulatory 
requirements. As discussed, research is needed to better establish the spatial and temporal 
variation in soil properties this would allow the scale of application of soil quality assessment 
methods to be determined. There is a clear need to establish the relationship between soil 
organisms, soil properties and soil quality; this has the potential benefit of identifying 
organisms/species that can be used as holistic bio-indicators of soil quality or of more specific 
threats, for example soil contamination. There is an ongoing need to establish links between soil 
indicators, effectively allowing further development of pedotransfer rules. Development of a 
method for assessment of the collected information needs to build upon the significant application 
of environmental risk assessment and screening decision making; research will need to draw upon 
expert knowledge of the soil system and interactions between the biological, chemical and physical 
factors. Methodology development will need considerable calibration with existing datasets and 
field testing in a range of situations from severely degraded sites to those considered pristine. 
As well as soil regulation, screening and prioritisation of sites could have the ability to fit well with 
the modern needs of environmental protection and policy, complimenting the recent move to a 
holistic approach to environmental appraisal. 
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5 Policy challenges for soil protection  
This chapter presents the policy developments that have taken place for air and water, with 
examples from the USA and EU, in order to compare this with policy development and challenges 
regarding soil protection policy. 
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5.1 Introduction 
The preceding 40 years has seen a large increase in the number of policies, and regulatory 
agencies, for the protection of the environment. Public environmental consciousness has increased 
dramatically over this period, with Earth day 1970 is commonly cited as the beginning of the 
environmental revolution (Anderson 1994, Dunlap et al. 1992). 
Early environmental legislation developed largely in reaction to high profile events. There was a 
subsequent move towards legislation that aimed to address impacts to human health, and today it 
covers ‘environmental health’ as a whole. Policy first developed to stop deliberate pollution, then 
moved on to prevent pollution on a wider scale, and finally moved toward a more holistic 
environmental quality management approach. Driven by protection of health, increases in public 
consciousness, and requirements for better management of resources, environmental quality 
particularly of water and air has been a focus of environmental policies. The environmental policy 
field has had a long history of public interest and participation (Abelson et al. 2003, Renn et al. 
1995). Future environmental policy is likely to involve the public in the decision making processes 
even further, with interactions explicitly prescribed in policy documents. New and emerging 
policies have included aims to improve public understanding of environmental problems and 
involvement in the legislative process (EC 2006d, EC 2000). The last 40 years has seen an increase in 
collection of environmental data, a need to better communicate findings to the public, and in 
some cases collection of such data by the public (Silvertown 2009). With an increase in 
environmental protection and consciousness, both from public and policy spheres, there is 
potential to improve public engagement through participation in environmental analysis and 
better environmental quality management. 
Soil protection and management have been featured in policy discussions since the late 1970s. The 
topic has recently been of interest in development of emerging policies, and chapter 4 discusses 
the role of soil as a resource, independent of the functions that it carries out. Soil provides multiple 
important functions and the move toward environmental holism that has been driving policies for 
air and water has proven to be a challenge for soil management which faces some quite different 
issues which have had and will have a considerable impact on policy formulation (Heusera et al. 
2010). Whilst air policy focuses on chemical quality, and water policy focuses on both quantity and 
chemical quality, soil has other issues due to its multiple functions. Policy developments have also 
been affected by land ownership, particularly with respect to contaminated land, by most soil not 
being readily visible, and being subject to slow processes compared to water and air. 
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The objective of this chapter is to evaluate how environmental protection policies have evolved for 
air and water in order to compare this with how policy has developed for soil protection. It 
describes the difference in the approach and interest in policy in these areas as opposed to the 
seemingly lack of interest or knowledge surrounding soil policies. The scope is to look at not just 
contaminated land policy but to relate this to the wider soil quality concept that addresses all soil 
degradation processes. Key challenges for the development of soil protection policy are identified, 
and recommendations for how these could be resolved are discussed. Policy is discussed with 
examples from the USA, as this demonstrates how environmental management has developed over 
a large geographical area facing a variety of problems, which are particular issues for EU 
environmental policy.  
5.2 Water Policy Development 
There has been acceptance of a systemic approach for water management, which can be illustrated 
by a number of international conventions (United Nations. 1992, World Meteorological 
Organization 1992, Cao et al. 2006). Many states have adopted an approach to water resource 
policies that shifted from fragmented to integrated water resource management. 
This can be well illustrated in the US where policy before 1960 treated water pollution as a local 
problem, with slow development of regulations, focusing principally on drinking water purity, and 
municipal sewage disposal rather than industrial discharges. The 1948 Federal Water Pollution 
Control Act was modest and mandated a series of studies and limited projects (Whittaker 2008). 
Since the 1948 act, there have been some major developments, Figure 5.1. In the 1960s there was 
considerable investment in wastewater treatment, and 1965 saw the first explicit national policy for 
water pollution prevention and control. 
 
Figure 5.1 Major US Water Quality Policy and Amendments timeline 
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In 1970, the establishment of the Environmental Protection Agency (EPA) allowed federal 
regulation of water (Andrews 2006), which was then strengthened with the passing of the 1970 
water quality improvement act, which introduced a state certification procedure to prevent 
degradation of water below applicable standards (US EPA 1972). 
The amendments of 1972 further improved earlier regulations, limiting pollutants at source, 
prohibiting discharges without permit, and prescribing feasibility based controls for point 
sources (Murchison 2005, Dzurik 2003). 
The major amendments in the Clean Water Act (CWA) 1977 expanded and specified the EPA’s 
mandate to control the release of toxic pollutants into sewers and surface waters (Adler et al. 
1996). The act retained the feasibility based focus; however, it modified implementation of the 1972 
standards by giving the EPA authority to introduce pollution control programs. It revised rules 
governing pre-treatment, and a variety of exemptions, waivers, and modifications of feasibility 
based standards were authorized by the act (Murchison 2005). The amendments introduced a 
grants program for rural land-owners using ‘best management practices’ to control diffuse 
pollution (Melillo et al. 2002). The 1981 Municipal Wastewater Treatment Construction Grant 
Amendments not only revised support to publicly owned treatment works but also affected the 
regulatory provisions of the CWA (Murchison 2005, Freeman III 1990). The CWA became the Water 
Quality Act 1987. This replaced the construction grant program with a loan fund, and introduced 
control of nonpoint source pollutants, addressed cleanup of pollution hotspots, restored 
ecologically important bays and estuaries, monitored water quality in the great lakes, and 
established a storm water program (Murchison 2005, Dzurik 2003). 
Policy for the protection of water in the USA has shifted, since the 1972 amendments, from a 
program by program, source by source, and pollutant by pollutant approach to a more holistic 
watershed based strategy; emphasizing protection of healthy waters and restoring impaired ones 
on a watershed basis (Cao et al. 2006). 
In the EU there has also been a similar change in water protection policy since the 1970s. 
Development of EU legislation for water resources can be defined in ‘waves’, the first of which 
including the Surface Water Directive (1975) and Drinking Water Directive (1980) which focused 
mainly on water quality standards and protection of surface waters allocated for drinking. The 
‘second wave’ of legislation set acceptable water quality standards but also aimed to control 
emission levels to achieve the standards; it included the Urban Wastewater Management Directive 
(1991), the new Drinking Water Quality Directive (1991), the Nitrates Directive (1991), and the 
Directive for Integrated Pollution and Prevention Control (1996) (Kaika 2003, Dworak et al. 2007). 
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The EU Water Framework Directive (WFD) (EC 2000) is the ‘third wave’ of EU water legislation. The 
WFD is a policy providing a common framework for water management and protection within the 
EU. It follows an integrated approach, built upon directives to protect water quality and those 
limiting emissions and aims to harmonise existing water policy and improve water quality in all 
aquatic environments (Kaika 2003). The directive recognises that effective management of water 
resources will only be achieved by integrated management of all ecosystem components at the 
catchment scale (Bennion et al. 2007). States are required to prevent deterioration of the quality of 
waters as well as achieve good chemical, ecological, and quantitative status in the aquatic 
environment by 2015, attaining at least good ecological and chemical status (UKTAG. 2007, Chon et 
al. 2010). Ecological status is an expression of the quality of the structure and functioning of surface 
water ecosystems as indicated by biological, chemical, physiochemical, and hydromorphological 
quality elements (ECOSTAT. 2003). 
The new approach to water policy in the USA and EU shifts from sectorally fragmented to integrated 
water resource management, from water related sectors operating independently to integrated 
consideration of supply, pollution control, agriculture, hydropower, flood control, and 
navigation (Cao et al. 2006). 
5.3 Air Policy Development 
Like water policy, air policy has developed significantly since the mid twentieth century. Again the 
USA is a good example of this development, with the first piece of federal air quality legislation 
being the 1955 Air Pollution Control Act which authorised funds for state research and training and 
which was strengthened further in 1959 and 1962 (Portney 1990), Figure 5.2. In 1963 the Clean Air 
Act (CAA) was passed, providing permanent support for research, support for development of 
pollution control agencies, and cross-boundary air pollution assistance. 
 
Figure 5.2 Major US Air Quality Policy and Amendments timeline  
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The CAA Extension of 1970 charged the EPA to establish national ambient air quality standards 
(NAAQS) and to create regulatory guidance to use in developing state implementation plans (SIP) to 
achieve NAAQS. The extension created a new source performance standards (NSPS) program that 
authorised the EPA to set stringent control technology requirements for new, modified, and 
reconstructed sources. The 1970 extension was the first to regulate air pollutants and establish 
emission standards for motor vehicles and mobile air pollution sources (Belden 2001, Greenstone 
2002). 
The next major amendment to the CAA was in 1990, this is accepted as putting the goal of clean air 
back on track after a number of problems with air quality management (Bachmann 2008). The 
amendments introduced provisions to classify non-attainment areas, tightened vehicle and mobile 
source emission standards, and required reformulated and alternative fuels in the most polluted 
areas. It also revised the air toxics section, established a new program of technology-based 
standards, and addressed the problem of sudden, catastrophic releases of pollutants. The 
amendments established an acid rain control program, required a permit program for the 
operation of major sources of air pollutants, implemented the Montreal Protocol to phase out most 
ozone-depleting chemicals, and updated enforcement provisions (Lipton 2006, Congressional 
Research Service. 2005). 
Despite problems with the current air quality management framework in the USA where a number 
of areas of concern can still be frequently highlighted, the overall progress in policy has been 
significant in addressing major issues in air quality management (Bachmann 2008, National 
Research Council of the National Academies 2004). 
In the EU air quality is one of the most active areas of policy making, and since the 1970s policy has 
developed extensively (EC 2010a). The 2005 EU Thematic Strategy on Air Pollution (EC 
2005b) established interim objectives for air pollution and proposed appropriate measures for 
achieving them in order to minimize impacts on and risks to human health and the environment. 
The strategy included a draft framework directive that proposed that a number of existing 
instruments were revised and combined into a single act (EC 2005a). This directive on ambient air 
quality and cleaner air for Europe entered into force in 2008, merging most of the existing 
legislation into a single directive with no change to existing air quality standards. The directive set 
new air quality standards for particulates including limit value and exposure related objectives 
with an exposure concentration obligation and exposure reduction target. It also introduced the 
possibility of discounting natural sources of pollution when assessing compliance against limit 
values and time extensions for complying with limit values (EC 2008b). Such policy dictates 
member states regulations and the large developments since introduction of instruments such as 
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the UK Clean Air Act 1956 demonstrate the move from reactionary actions to integrated air quality 
management. 
5.4 The State of Soil Policy 
As stated earlier, the increasingly integrated nature of both water and air management policies in 
the US, EU, and internationally has not been addressed in the same way or extent for soil. Due to 
the multiple functions that soils provide there are a variety of drivers for soil protection legislation 
(e.g. soil contamination, construction, agriculture, amenity value). Although recent policy 
developments have centred on soil contamination, agriculture was the leading force for initial soil 
policy formulation. Agriculture has been regulated across the world for hundreds of years 
(Montanarella 2006a). The first soil protection legislation in the USA was in reaction to the threats 
of soil erosion and agricultural overproduction during the ‘dust bowl’ to American and Canadian 
prairielands from 1930 to 1936. The Soil Conservation Act (1935) is an important piece of national 
soil protection legislation which has had a large impact on both national and international 
policy (Rasmussen 1985). One of the main features of the act was to establish the Soil Conservation 
Service to provide technical support for the control of erosion. The act was followed by the Soil 
Conservation and Domestic Allotment Act (1936) with an objective to reduce production of surplus 
crops by giving payments for improved land use and conservation practices (Rasmussen 1985). The 
1936 act marked the beginning of a number of policies aimed at commodity supply management 
and soil conservation (Rausser 1992). 
The advent of environmental protection legislation addressing soil contamination came much 
later, in part in recognition of the impact of chemicals on the environment. Regulation before the 
1980s was largely under more general legislation (Rothstein et al. 2006). Early policy was perceived 
in terms of relatively rare incidents, with poorly known but possible catastrophic consequences for 
human health and the environment (Vegter 2001). Such policies sought maximum risk control, 
with pollution being completely destroyed, removed, or contained. In the USA events such as the 
Love Canal incident is cited as a major driving factor behind the 1980 Comprehensive 
Environmental Response, Compensation and Liability Act (CERCLA) (Kielb et al. 2010, De Saillan 
1993, Taylor 1995, Dalton et al. 1996, Percival 1998, Probst 2006). CERCLA allows fast response to 
pollutant releases and public health and environmental protection by cleaning up the worst 
hazardous waste sites. The act imposes costs on those responsible and establishes a fund to finance 
responses where liable parties cannot be found or cannot pay (Reisch et al. 1999). 
As a reaction to contamination incidents in The Netherlands the 1983 Soil Cleanup Interim Act was 
enacted (VROM 1983). The corresponding Soil Remediation Guideline outlined how to take action 
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on soil contamination and included three judgment based soil and groundwater quality 
standards (Swartjes 1999). In 1987 the Soil Protection Act was introduced, establishing a number of 
measures including accountability and financial responsibility for soil contamination. A review 
into the Soil Remediation Guideline led to development of the Soil Protection Guideline, which 
was incorporated into the Soil Protection Act in 1994. This laid out intervention values outlining 
action on soil contamination and included soil and groundwater quality standards based on risk 
principles to protect potential receptors and seen as ‘best practice’ and adopted by many 
countries (Swartjes 1999). The risk based methods combined with the ‘multifunctionality’ 
approach meant that the most stringent standards were applied and cleanup standards were 
high (Rothstein et al. 2006). 
As knowledge of the extent of contamination developed, so did perception of the problem. 
Contaminated soils were no longer seen in terms of severe one-off incidents but rather 
infrastructure problems of varying intensity and significance (Ferguson 1999). It is recognized that 
drastic risk control is usually unnecessary when taking into account the potential adverse effects of 
contamination for current and intended land uses and the environment. Cleaning up all sites to 
background levels suitable for the most sensitive possible land uses is not technically, financially 
feasible, nor sustainable (CLARINET et al. 1998). An underlying philosophy in many countries is now 
of fitness for use, where contaminated soils should be restored according to planned usage. Land 
can be seen as ‘fit for use’ when it can be used for a particular purpose without posing 
unacceptable risk to human health or the environment (CARACAS. et al. 1997). In 1997 The 
Netherlands shifted its soil remediation objectives, replacing its strict ‘multifunctionality’ approach 
with function-orientated and cost-effective remediation; this changes remediation objectives that 
applied across land use with those that take the land use into account (CABERNET. 2003). In the UK 
contaminated land regime, in Part IIA of the Environmental Protection Act 1995, a suitable for use 
approach is adopted, with a system for identification and remediation of land where 
contamination is causing unacceptable risks to human health or the environment. Currently there 
are six categories of contaminated land: where Significant harm is being caused, significant 
possibility of such harm being caused, pollution of controlled waters is being caused or is likely to 
be caused, where radioactive harm is being caused or significant possibility of such harm being 
caused (Howard 2011). Revisions to the contaminated land regulations, in 2012, bring more 
emphasis on risk assessment (UK Government 2012, Howard 2011, DEFRA 2010a, DEFRA 2012). 
Within the EU although soil protection is covered by some sector-related policy measures such as 
the Sewage Sludge Directive (1986), the Integrated Pollution and Prevention Control (1996), waste 
management laws, chemicals law, and air pollution law, there is currently no specific legislation 
relating to soil protection. While air and water resources are protected by EU law, soil degradation 
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remains a serious problem in Europe (Heusera et al. 2010). Despite this the recognition of the 
trans-boundary character of soil degradation processes have focused attention on the need for 
multilateral soil protection policy (Montanarella 2006a). The resulting Thematic Strategy is an 
attempt by regulators to integrate the different policy drivers to soil protection policy (e.g. 
agriculture and contaminated land) into one coherent legislative approach. It has identified a 
number of threats which have potentially detrimental consequences to water quality and quantity, 
human health, climate change, biodiversity, and food safety (EC 2006a). A knowledge based 
approach to soil monitoring, aimed at delivering soil protection and sustainable use, is introduced 
and required by the strategy (Quevauviller et al. 2003, Blum et al. 2004b, Blum et al. 2004a). 
Interactions between soil quality, holistic environmental quality, water and air quality were 
discussed in the mid 1980s (Anderson et al. 1984), with some progress in the 1990s including 
suggestion of minimum data sets for soil quality assessment, discussion about the differences 
between soil health and soil quality, and a differentiation between the intrinsic properties of a soil 
and soils productivity as a result of management practices (Larson et al. 1991, Mausbach et al. 1995, 
Karlen et al. 1997, Seybold et al. 1998, Doran et al. 2000, Pierce et al. 1992, Romig et al. 1995). Doran 
and Parkin (1994) and Pierce and Larson (1993) developed the definition further by including key 
soil functions, fitness for use and the dynamic state of soils in the definition of soil quality, and soil 
protection policy, which clearly inspired later soil quality definitions (Blum et al. 2004a, Alexander 
1971, Doran et al. 1994, Karlen et al. 1997, Pierce et al. 1993, NRCS 2008b). 
5.5 The Challenge for Soil Protection Policy 
A shift from reactionary environmental policy making to chemical risk assessment and then 
toward environmental holism has occurred over the past 40 years. For water, air, and soil initial 
policies for its protection were very much in reaction to high profile events. For soil this led to an 
emphasis on contaminated land, and a substantial policy area has developed to deal with 
contaminated sites. The challenge for policy makers tasked with the protection of soil is to keep up 
with policy developments in water and air quality management where there has been a move 
toward holistic management and protection policies. For soil this is difficult as contaminated land 
which focuses on the presence, movement, and availability of pollutants must be integrated with 
other aspects of soil quality (e.g. biological, physical and other chemical aspects), requiring a 
holistic soil quality assessment that addresses both. The dichotomy between the different 
interested parties (e.g. agriculture and contaminated land), a product of the multiple functions of 
soil, is one of the persistent reasons for the lack of any comprehensive and integrated legislative 
approach to soil protection. Problems with the often multiple and conflicting functions of soil, as 
expressed with the concerns surrounding with the soil quality concept, introduce additional 
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problems, particularly so when contaminated soil is integrated with other aspects of soil quality. A 
further challenge for soil protection policy is to take into account the complexity of environmental 
conditions (e.g. different soil types) within the geographical area covered (Heusera et al. 2010). 
Despite the holistic policies seen for air and water, similar emerging regulations for soil are still 
controversial, for example the proposed EU Framework Directive on soil protection which has 
attracted a high level of opposition. The proposed directive attempts to combine the chemical risk 
assessment framework, and deal with contaminated land, as well as other threats to soil. Despite 
the long development timeline of such legislative instruments consensus within the EU is low. The 
lack of consensus and no established or accepted protocol for wider soil quality assessment have 
hindered the assessment and management of soil. This lack of agreement can be demonstrated 
across the EU in the variety of risk assessment tools for human health and ecological risk-based soil 
quality assessments which have been found to vary widely and produce very different 
outcomes (Swartjes et al. 2009, Swartjes et al. 2008). The multiple and often conflicting functions 
that are required of soil have slowed development of an acceptable method for evaluation of soil 
quality. 
As many of the barriers in soil protection policy are associated with costs, this work, in Chapter 4 
called for development of screening tools to aid in identification of risk or priority areas for soils 
using indicators that are independent of soils function. Such methods can provide an efficient 
means of selecting areas of soil protection, in accordance with emerging soil protection legislation. 
This risk-based screening approach is in line with the move toward cost-effective decision making 
in environmental applications, including use of such methods in assessment of surface water 
status. 
Function-independent indicators are such that they apply to cross functional parameters of 
quality, selected to be cost and labour effective to collect. Rather than giving definite values for 
each of the criteria, this approach could act as a screening step to inform further more detailed 
analysis. Such tools should be conservative in nature, with new information delivered, and used on 
their own or with existing data sets to provide additional evidence. 
Inclusion of ecological status has been seen in environmental decision making as a key concept. 
Developing the framework for assessment in accordance with the EU WFD, using a method that 
emphasises the importance of the ecological value of soils could indicate areas for further 
attention. Inclusion of ecological protection targets have been seen in existing priority systems 
(e.g. Netherlands) and have the potential to be used as a screening method. The ecological status 
assessment framework used in the WFD can be adapted to meet the needs of soil quality 
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assessment. For example elements of this ecological status assessment in the WFD such as 
hydromorphological quality refer to the hydrological and geomorphological elements and 
processes of water body systems’ (DEFRA et al. 2006) and is not applicable to assessment of soil. 
Elements to assess the quality are about more than just ‘chemical soil quality’, they embrace every 
theme related to soil and can be modified slightly to look at biological, chemical, physiochemical, 
and morphological status. Hydromorphological quality used in the EU WFD can be replaced with 
morphological status, referring to the geological and geomorphology elements and processes of 
soil systems. Healthy soil, with active soil organisms, deters long-term soil degradation and 
ensures that such geo-physical processes are undisturbed (Doelman et al. 2004).  
The DPSIR (Driver, Pressure, State, Impact, Response) approach is commonly used to assess the 
pressures and risk of failing objectives (Rodrigues et al. 2009, EEA 1999, Schjønning et al. 2009). 
Borja (2006) uses the DPSIR approach to assess the pressures and risk of failing the objectives of the 
WFD. Threats included in the EU Soil Thematic Strategy can be related to soil indicators, allowing 
an adaption of the method applied to the WFD to be used to evaluate the risk of soils failing to 
meet the classification required of them by future legislation. The thematic strategy identified, 
using the DPSIR framework, a number of degradation processes or threats, and indicators can be 
related to these threats (EC 2006a, Van-Camp et al. 2004). The evaluation of the state and impact 
can be related to the affected system in classical risk assessment (Schjønning et al. 2009). 
Evaluation of the state of and impact to soils using function independent indicators could allow a 
fundamental understanding of the soil system. This would have the potential to allow cost efficient 
targeting of resources to areas at highest risk of degradation. Integration of contaminated soils 
with other threats to soils into a common policy framework could minimise the risk of managing 
one soil threat while increasing the extent of another, effectively preventing trading off one soil 
degradation process with another. Likewise, integrated management of environmental media has 
the potential to minimise the protection of one resource at the expense of another. By aligning soil 
protection policy with that of other environmental media, the potential to further develop 
integrated environmental quality management policies and mechanisms exists. 
Harmonisation of management frameworks for air, water, and soil is important for evaluation and 
protection of the environment. Increased understanding of relationships between environmental 
media has created the need to move from fragmented management of individual media toward 
integrated environmental quality management. This will allow the protection of the environment 
as a whole rather than management of issues shifting the problem from one environmental media 
to another. 
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6 A soil quality assessment framework 
This chapter addresses concerns regarding the resource requirements of the identification of soils 
subject to degradation processes by the proposal of a set of criteria for use in screening locations 
for likelihood of degradation using members of the public. 
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6.1 Introduction  
There is an increasing trend in environmental policies to demand the protection and management 
of soil as an integrated environmental media (Vestberg et al. 2002, Ingram et al. 2010). Although 
soil protection does not yet have a strong presence in national and international policies, emerging 
legislative initiatives are set to change this, for example the Soil Thematic Strategy (EC 2006a) and 
the proposed EU Soil Framework Directive (SFD) (EC 2006a). Central to the purpose of emerging 
policies is the requirement to prioritise areas requiring protection from soil degradation.  
There is currently no standard or convention for the assessment of soil quality. Current approaches 
for the assessment of soil quality and the risk of soil degradation range from those designed to 
collect qualitative data to more detailed quantitative collection. Indicators have been used in 
assessment of soil quality, they are parameters which can be measured and correspond to 
assessment criteria to measure and help monitor the status and changes. There is a considerable 
amount of international literature on the derivation and use of indicators of soil quality. It would 
be prohibitive for countries to use detailed quantitative approaches to assess all soils. Cost, 
resource and time constraints may mean that the highest priority soils would not be examined if 
such methods were employed. 
In an attempt to address concerns over these resource requirements this chapter proposes a set of 
indicators, based on measured soil quality indicators, for screening locations for likelihood of 
degradation. This will allow priority to be focused towards a smaller number of locations in the 
highest need of assessment. The chapter includes a review of literature from a number of 
countries, and details the current state of soil quality assessment, methods of data collection, soil 
quality assessment approaches, and indicators employed. A basic set of indicators is set out which 
have the potential to be used by non-experts, and subsequently analysed to indicate areas for 
further detailed assessment. 
6.2 The current state of soil quality assessment 
The following section describes the current situation in relation to soil quality assessment 
approaches. This section reviews the literature from major agricultural universities and policies in 
place in a number of countries. Key data collection methods, soil quality analysis methodologies 
and technologies and soil quality indicators are explained below. 
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6.3 Collection of Soil Property Data 
Varieties of approaches are currently used to measure and assess soil quality. These range from 
mainly qualitative to purely quantitative and include scorecards, visual soil assessments, field kits, 
soil surveys, and laboratory analysis (NRCS 2001a). 
Scorecards are a well-established method to promote increased awareness regarding soil resources, 
encouraging farmers to recognise soils when evaluating management practices, and to document 
efforts to improve soil resources (Romig et al. 1996, NRCS 1999b). The scorecard assesses soil quality 
as a function of a number of questions that reflect soil properties on the topics of soil, plants, and 
water. Farmers choose an answer to the question that best describes the property, and then record 
the associated score. The Natural Resources Conservation Service (NRCS) ‘Soil Health Card 
Template’ provides an opportunity to adapt the scorecard for local use (NRCS 2001a).  
An adaption of the scorecard is the Visual Soil Assessment (VSA) and Soil Quality Management 
System (SQMS). These were developed for use in New Zealand and have subsequently been adopted 
for wider use by the Food and Agriculture Organization (Shepherd 2000, Shepherd et al. 2000c, 
Shepherd et al. 2000a, Shepherd et al. 2000b, Shepherd et al. 2008, Beare et al. 1999) and in Europe 
(Houšková et al. 2006). For these tools, scoring is based on observations and a comparison of 
indicators to visual aids. The visual score is given a weighting dependent on the importance of the 
indicators, with scores ultimately integrated into an index score relating to a soil quality 
assessment. Indicators included in a number of scorecards and visual soil assessments are detailed 
in Table 6.1. 
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Table 6.1 Scorecard and visual soil assessment indicators of soil quality.  
Indicators Used Source 
Infiltration, drainage, water retention, earthworms, biological activity, 
colour, structure, surface crust, texture, erosion, tillage ease, 
compaction, decomposition, fertility, feel, surface cover, hardness, 
smell, aeration, topsoil depth, organic matter, pH, N, P, K, 
micronutrients. 
Romig et al. 1996 
Infiltration, soil organisms, tilth (ease of tillage, fitness as a seedbed, and 
its impedance to seedling emergence and root penetration), feel, root 
mass, soil erosion, crop residue, porosity, odour. 
Fasching et al. 1998 
Drainage, moisture, colour, earthworms, structure, soil type, soil erosion, 
fall compaction.  
Phillips 1999 
Texture, structure, porosity, colour, number and colour of soil mottles, 
earthworms, potential rooting depth, identifying the presence of a 
hardpan, surface ponding, surface crusting and surface cover, soil 
erosion, soil management of annual crops.  
Shepherd et al. 2000b 
Infiltration/ runoff, colour, biological activity, tilth/structure, soil erosion, 
crop residue, crop growth, soil ph, compaction/crusting, winter cover 
crop.  
Black 2002 
Texture, stoniness, structure, clod development, moisture, consistency, 
porosity, bio-porosity, depth, thickness of humus horizon, effective 
soil depth, wetting, water stagnation, hydrophobicity, depth to 
groundwater, crust and crack formation, colour, estimation of humus 
content, soil mottles, soil pH, plant requirements, carbonates, 
depletion of carbonates by plants, soil properties from parent material, 
root development, rooting depth, obstacle to root development, 
biological activity, number of earthworms and depth of occurrence.  
Houšková et al. 2006 
Surface ponding, colour, earthworms, structure & consistence, tillage pan, 
root system, soil erosion, soil porosity, soil mottles, clod development, 
crop emergence, crop height, crop yields, root diseases, weed 
infestation, production costs.  
Shepherd 2008 
The Soil Quality Test Kit was developed in the USA by the Agricultural Research Service to rapidly 
assess numerous soil characteristics, providing semi-quantitative data on basic indicators of soil 
quality, mainly at the soil surface (Liebig et al. 1996, Sarrantonio et al. 1996). It is used to compare 
soils under different land management systems, to track changes in soil quality over time, to 
demonstrate the effects of practices, such as conservation tillage, on soil quality, and to create an 
awareness of the importance of soil quality.  The NRCS Soil Quality Institute adapted the kit for 
general use by adding a guide and several additional tests, including aggregate stability, 
earthworms, soil slaking and selected soil morphological observations (NRCS 2001b). The test kit 
now includes 12 diagnostic tests of the physical, chemical, and biological properties of soil, and 
details of the interpretation are available for each test (Sarrantonio et al. 1996, NRCS 2001b).  
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Beyond scorecards and the field test kit the NRCS has a well developed and advanced soil survey 
regime for most of the USA dating back to 1900. This has allowed comparatively advanced soil 
protection policies for identifying and governing management of at-risk soils, such as highly 
erodible lands, wetlands, and marginal land. Specific legislation has been put in place as a result of 
the soil survey to manage specific threats and to provide disincentives for producing agricultural 
commodities on converted wetlands or highly erodible land (NRCS 2004). 
In the UK, Hodgson (1974) used a number of indicators and methodologies for use when describing 
a site and its soil profile, which was subsequently used in the Soil Survey of England and Wales. 
Information collected includes: 
• site description: relief, land use and vegetation, soil surface and cultivated surfaces; 
and  
• profile description: colour, organic matter status and particle size class, stoniness, 
soil water state, soil structure, consistency, roots, other soil flora and plant 
remains, fauna, carbonates, features of pedogenic origin, lithology of rocks and 
stones.  
With a realisation, that stakeholder involvement is crucial for effective protection of soil, the 
Cornell Soil Health Initiative has developed a multi-faceted approach to evaluating soil quality, 
which brings together a number of the methods previously mentioned. The programme 
incorporates education, targeted management practices, quantification of soil degradation or 
aggradation, soil inventory assessment and land valuation (Idowu et al. 2008). The programme 
offers a publicly available laboratory test that allows customers to submit soil samples for a set of 
standardised soil quality tests (similar to standard soil chemical testing), which can be tailored 
dependent on the chosen application. The test is becoming more broadly used across the USA, 
resulting in groups around the world starting to develop their own soil health testing kits. 
6.4 Evaluation of data to identify soils at risk of soil degradation 
Identification of soils requiring protection from soil degradation processes is normally the output 
of risk based decision making. Quantitative risk based approaches have been incorporated in 
environmental decision making and regulation since the 1970s (Lester et al. 2007). Examples of 
such decision making in environmental applications include: 
• assessment of the impacts of chemicals used at sites;   
• impacts of products generated by individual companies or sites;  
• potential impacts of new developments, new sites or new processes as part of the 
planning procedure;  
• impacts of products, processes or services over their life cycle; and  
• consideration of risks to the environment in a company’s environmental 
management system (Wrightson et al. 2008).  
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This risk assessment allows for proportionality of response to a specific set of circumstances, with 
targeted effort towards higher risk situations. Decision making of this kind leads to more efficacy 
in hazard management as a result of cost-effective resource allocation that is dependent on the 
hazard and probability of occurrence. Use of a clear and systematic risk assessment framework 
allows for consistency of approaches to all situations, and to efficiency of regulatory delivery 
through screening procedures, which can quickly identify high risk circumstances requiring 
immediate attention (Pollard et al. 2002, OECD 2003). The well-established application of tiered 
risk based approaches in legislation relating to contaminated site and engineering systems 
demonstrates the value of developing a risk analysis and prioritisation methodology (Pan et al. 
2009). 
Screening is normally introduced to reduce costs and to ensure more efficient use of resources, and 
aims to complement the risk assessment process by prioritising attention towards highest need. 
Screening approaches have been used in many applications, including extensively in 
environmental protection (DCLG 2006, Environment Agency 2009b, Pollard et al. 2004, Duarte-
Davidson et al. 1996, Pan et al. 2009, Bound et al. 2004, McKinlay et al. 2008a). In the UK, screening 
is included in most tiered environmental risk assessment. Resources for assessment being allocated 
following initial risk screening and prioritisation is explicitly included in the UK’s over-arching 
environmental risk assessment and management structure (DETR 2000, DEFRA 2011b). 
Risk assessment requires quantitative data that, in the case of soil protection, can mainly come 
from extensive monitoring networks and survey efforts through continuous or repeated 
observation, measurement, and evaluation of data (Duffus 1993, Rüdel et al. 2009). Such 
monitoring systems play an important role in generating data for decision making.  Worldwide 
there is however little explicit obligation to monitor soils in national and international regulations. 
In the UK, for example, there is no duty to monitor soils in the Department for Environment, Food 
and Rural Affairs (DEFRA) Soil Strategy for England (DEFRA 2009a) or the Environment Agency Soil 
Strategy (Environment Agency 2007). The UK Soil Indicators Consortium (UK SIC) has, however, 
identified a three tiered monitoring system for soils; Figure 6.1, (Environment Agency 2007, Black 
et al. 2008).  
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Figure 6.1 Three tier soil monitoring scheme suggested by the UK Soil Indicator 
Consortium (Black et al. 2008). 
The DPSIR framework (EEA 1999, Hall et al. 2008) has been applied to provide an assessment of 
pressures from agricultural land use and the consequent impacts on surface and groundwater with 
a conceptual framework, and to further analyse and communicate results (Giupponi et al. 2006). 
The framework has been used in the ENVironmental ASsessment of Soil for mOnitoring (ENVASSO) 
project to classify ‘TOP3’ indicators for each of a number of threats to soil (Kibblewhite et al. 2005). 
Although the DPSIR framework does have some specific applications it has been found to be too 
cumbersome for soil quality assessment by some parties (Rodrigues et al. 2009, Loveland et al. 
2002, Schjønning et al. 2009). 
Eckelman and colleagues (2006) in a European Soil Bureau Network (ESBN) report on the 
identification of areas at risk of soil degradation identified three alternative approaches to the 
DPSIR framework that may be used for identification of such areas (Figure 6.2): 
1. Qualitative approach that is based on expert knowledge, e.g. land use in 
combination with “sensitive soils”, or other political boundaries using other 
combined criteria, e.g. nitrate pollution, intensive cropping areas, urban areas, etc.; 
2. Quantitative approach that relies on measured data from inventories/monitoring 
and requires baselines and thresholds;  
3. Model approach that predicts the extent of soil degradation from modelling 
considering site factors (soil properties, climate) and soil management (Heesmans 
2007a). 
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Figure 6.2 Three approaches to risk area identification, the boxes define the elements 
included in each of the approaches. Adapted from (Eckelmann et al. 2006). 
Schjønning et al. (2009) identify that the Danish focus on management thresholds is identical to 
the qualitative approach suggested by Eckelman et al (2006). They also state that a modelling 
approach could be a tool used to identify management thresholds, and that the effect of 
management regimes selected from qualitative assessments of existing knowledge may be 
quantified using modelling. They recommend that the Danish work on the three tasks of the SFD 
simultaneously: identification of risk/priority areas; establishment of risk reduction targets/ risk 
acceptability; and decisions of measures/ action programmes to reach the risk reduction targets. 
They also recommend that the work embodies a continuous and explicit focus on the dichotomy in 
the problem that a soil may be at risk to a threat due to a high ‘level’ of the threat and/ or due to a  
high vulnerability of the soil to that threat (Schjønning et al. 2009). 
Standardisation of soil protection policy is important if an EU wide policy is going to be 
successfully adopted. The EU Risk Assessment Methodologies for Soil Threats (RAMSOIL) project on 
the harmonisation of risk assessment methodologies addressed the five agricultural soil threats in 
the EU Thematic Strategy for Soil Protection: erosion, compaction, landslides, organic matter 
decline, and salinisation (EC 2006a, Heesmans 2007a). The project included the two main 
objectives of providing an inventory of (i) risk assessment methodologies and (ii) options for 
harmonisation. Findings of the harmonisation stage were that there are many risk assessments 
methodologies currently in use in the EU, with the vast majority having comparable basic 
understandings. Many of the methodologies are, however, incomplete with significant differences 
in (i) understanding of threats, (ii) methods of data collection, (iii) processing and interpretation 
and (iv) perception of the risk of threats to agricultural soil quality (van Beek 2009). 
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In the United States (USA), soil conservation has traditionally focused on the management of soil 
erosion where the Soil Loss Tolerance Standard (T) has been the most widely used and federally 
supported soil conservation standard (NRCS 2011). There are two frequently utilised and federally 
supported soil conservation planning tools in the USA: the Revised Universal Soil Loss Equation 
version 2 (RUSLE2) and the Wind Erosion Equation (WEQ). The reduction in soil erosion to tolerable 
soil loss rates has resulted in large improvements in natural resources in the USA. With this there 
has been an increased emphasis on the improved level of soil conservation that can be achieved by 
focusing on building soil organic matter or soil carbon. 
The move away from a sole focus on soil erosion in the USA has seen the development of the Soil 
Conditioning Index (SCI), which was first developed in 1964 and has been revised several times. 
This is a tool that is extensively used in the USA to inform more comprehensive approaches to soil 
management. It is a prediction tool employed in conservation planning to estimate whether 
applied conservation practices will result in maintained or increased levels of soil organic matter. 
The SCI estimates trends in soil organic matter, which are assumed to be an indicator of soil quality 
trends (NRCS 2002, Cox 2008). The important components of the tool include the amount of 
organic material returned to the soil, the effects of tillage and planting systems on organic matter 
decomposition, and the effect of predicted erosion associated with management systems (NRCS 
2007). 
The Soil Management Assessment Framework (SMAF) is a more holistic tool for assessing and 
monitoring soil quality.  The framework comprises three main steps: indicator selection, indicator 
interpretation, and the integration into an overall soil quality index value. It uses a series of 
decision rules to generate the suggested soil quality indicators which are based on the site 
management goals and the soil functions that influence the capacity of the soil to meet that goal. 
The list of indicators is refined through the evaluation of additional information such as climate, 
inherent soil properties, cropping system, and other site or use-specific information. The list of 
suggested soil quality indicators is then grouped according to its association with each critical soil 
function, and the user makes a final determination of the indicators that will be used to assess 
strengths, limitations, or vulnerabilities of the soil in relation to the management goals. Once the 
measured values have been collected, they are transformed into unit-less values which define the 
relationship between the measured values of an indicator and the capacity of the soil to perform 
the function for which the indicator was selected. Finally, the entire individual indicator scores are 
integrated into a single, additive index value, designed to be an overall assessment of soil quality 
(Cox 2008, Andrews et al. 2004).  
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There are a number of other tools used in the USA which are less reliant on field collected data. 
Practice predictors, such as the NRCS Soil and Water Eligibility Tool (SWET), use research outcomes 
to predict the effects of management practices on soil quality (Andrews et al. 2011). This has been 
used as a tool for determining eligibility and payment rates for conservation programmes (Cox 
2008, NRCS 2008a). Landscape-level assessments can make use of satellite and remote sensing 
technology to assess resource quality at large spatial scales (Andrews et al. 2011), which has been 
used to determine a number of aspects of soil quality including soil fertility (Vagen et al. 2006), soil 
carbon storage (Lal 2002), landslide potential (Nichol et al. 2005), and erosion (Desprats et al. 
2011).  
Due to the complexity of soil systems and the difficulty in collecting appropriate data to evaluate 
the impacts of pressures on soil quality, a system of criteria and indicators has been used for a 
number of applications. This includes forest protection and sustainable land management (Prabhu 
et al. 2000, Dumanski 1997, Hurni 2000). In this tool, criteria define the essential elements against 
which sustainability is assessed, with each criterion relating to a key element of sustainability, 
which may be described by one or more indicators. Indicators are parameters which can be 
measured and correspond to a particular criterion. They measure and help monitor the status and 
changes in quantitative, qualitative and descriptive terms that reflect the values seen by those who 
defined each criterion (Prabhu et al. 2000, Chamhuri et al. 2010). 
6.5 Indicators in assessment of soil degradation  
When designing soil quality assessment methods it has been necessary to determine soil functions 
that are of interest, selecting indicators to observe and measure the ability of the soil to perform 
this specific function (Ditzler et al. 2002). Indicators can however be used to measure attributes of 
soils from which wider inferences about the functioning of the soil system can be made (Arshad et 
al. 2002). Criteria that can be used to assess soil quality, which relate to the objective of protection 
and sustainable use of soil, include its chemical, physical and biological state (Andrews et al. 2002, 
Gugino et al. 2009).  
A number of approaches have been used for selection of soil quality indicators including expert 
opinion (Larson et al. 1991, Doran et al. 1994, Karlen et al. 1996) and statistical data reduction 
(Andrews et al. 2002, Bachmann et al. 1992, Bentham et al. 1992, Rezaei et al. 2006, Andrews et al. 
2001, Brejda et al. 2000a, Brejda et al. 2000b). Expert opinion requires detailed knowledge of the 
system; Figure 6.3 describes how a hierarchical framework has been used to choose soil function 
specific indicators in the SMAF approach. In this system, management goals dictate the soil 
functions that are of interest, which in turn suggest related indicators (Andrews et al. 2002).  
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Statistical data reduction reduces the possibility for disciplinary bias that inhibits much cross-
disciplinary work (Andrews et al. 2002). This is commonly carried out using principal component 
analysis and assumes that the original set of indicators includes the appropriate candidate 
indicators (Andrews et al. 2002, Bachmann et al. 1992, Bentham et al. 1992, Rezaei et al. 2006, 
Andrews et al. 2001, Brejda et al. 2000a). Statistical data reduction still requires a degree of expert 
knowledge and requires a large dataset of soil indicators with a large number of observations in 
order to select those most appropriate. 
 
Figure 6.3 Management goals dictating the soil functions of interest, thus, suggesting soil 
quality indicators (Andrews 1998). 
Selection of indicators is dependent on societal goals, including socioeconomic and environmental 
objectives, and different weightings may be appropriate for different parameters (Arshad et al. 
2002). The objectives that soil assessment methods should achieve have been defined in a number 
of works, Table 6.2. 
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Table 6.2 Properties suggested in the literature that soil quality assessment methods 
should achieve. 
Properties that indicators should possess Source 
Be able to examine changes caused by different degradation 
processes that result in decline of soil productivity or soil 
quality. It is desirable that attributes that are most sensitive to 
change in soil function are selected as indicators 
Arshad et al. 1992 
Encompass ecosystem processes and relate to process orientated 
modelling, integrate soil physical, chemical and biological 
properties and processes, be accessible to many users and 
applicable to field conditions, be sensitive to variations in 
management and climate, and where possible be components of 
existing soil databases 
Doran et al. 1994 
Be easily measured and measurements should be reproducible Gregorich et al. 1994 
Possess an available baseline against which to compare change, 
provide a sensitive and timely measure of a soil's ability to 
function, be applicable over large areas but specific enough to 
be sensitive, be capable of providing a continuous assessment, 
be inexpensive, easy to use, collect, and calculate, discriminate 
between natural changes and those induced by management, be 
highly correlated to long-term response, and be responsive to 
corrective measures 
Burger et al. 1999 
It is desirable that attributes that are most sensitive to change in 
soil function are selected as indicators 
Schoenholtz et al. 2000 
Allow for the heterogeneity of soil type and land use, and under 
different geological, climatic and socio-economic settings, 
divergent sets of indicators may be required 
Loveland et al. 2002 
Due to the potentially large amount of data collected for use in soil quality assessment, minimum 
data sets (MDS) have been suggested (Larson et al. 1991, Karlen et al. 1997, Carter et al. 1997, Doran 
et al. 1996, Arshad et al. 1992, Larson et al. 1994, Arshad et al. 2002, Gregorich et al. 1994, Martin et 
al. 1998), a number of which are detailed in Table 6.3. In addition, as soil quality assessments are 
carried out across different land uses they require different combinations of indicators to reflect 
certain soil functions (Seybold et al. 1998). The MDS used to measure the soil’s ability to perform a 
function must represent the chemical, biological, and physical properties and processes of this 
complex system (Doran et al. 1996, Gregorich et al. 1994, Snakin et al. 1996, Karlen et al. 2003a). 
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Table 6.3 Examples of minimum data sets (MDS) from the literature and governmental 
organisations. 
Indicators Used Source 
pH, Texture, Total organic carbon, Labile organic carbon, Electrolytic 
conductivity, Nutrient availability for region, Structure, Strength, 
Maximum rooting depth, Plant –available water capacity 
Larson et al. 1991 
pH, Bulk density/ soil impedance, Soil depth, Organic matter, 
Electrical conductivity, Exchangeable sodium percentage, Water 
holding capacity, Aggregate stability, Hydraulic conductivity, 
Cation exchange capacity. 
Arshad et al. 1992 
pH, Texture, Bulk density, Depth of soil, topsoil and rooting, Soil 
organic matter, Infiltration, Electrical conductivity, Extractable N, 
P, K, Soil respiration, Microbial biomass C and N, Potentially 
mineralisable N, Water content, Water holding capacity, Soil 
temperature. 
Doran et al. 1996  
pH, Bulk density, Infiltration, Electrical conductivity, Soil nitrate, Soil 
respiration, Aggregate stability, Soil physical observations and 
estimations, Water salinity, Water nitrate and nitrite, Earthworms, 
Soil slaking 
USDA 1999 
pH, Bulk density, Total carbon, Mineralisable nitrogen, Total 
nitrogen, Olsen P (phosphorus), Macro and total porosity 
Sparling et al. 2000 
pH, Texture, Bulk Density, Topsoil Depth, Organic matter, 
Infiltration, Electrical conductivity, Extractable N, P, K, Forms of 
N, Soil respiration, Aggregation, Suspected pollutants. 
Arshad et al. 2002  
Awareness, Total above-ground biomass production, Total below-
ground soil organic carbon, Topsoil pH, Buffering capacity, 
Keystone species, Soil microbial diversity, Soil surface condition, 
Extent and depth of ploughing, Area of land taken for mineral 
workings 
Loveland et al. 2002 
Soil texture, bulk density, soil water holding capacity; soil pH, soil 
organic matter content, total soil depth and rooting depth, nature 
of the vegetation present 
Spurgeon et al. 2002 
For Environmental Interaction: pH, Bulk density, Soil organic carbon, 
Total nitrogen, Total and adjusted copper (Cu), nickel (Ni) and 
zinc (Zn), Olsen P 
Merrington et al. 
2006  
For Heritage and landscape: pH, Soil organic carbon  Davidson et al. 2006 
For Food and Fibre: pH, Soil organic carbon, Bulk density, Olsen P, 
Total N, Aqua regia extractable (Cu, Cd, Zn, Ni), Extractable Mg 
and K  
UK Soil Indicators 
Consortium 2006 
The ENVASSO project under the European Commission 6th Framework Programme of Research 
selected twenty seven priority indicators (TOP3 indicators) to cover the threats to soil. These 
indicators were proposed by taking account of the priority for the assessment of the soil threat, 
applicability (with focus on threshold values), link to policy aims and the EU policy context 
(Kibblewhite et al. 2005), these are detailed in Table 6.4. 
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Table 6.4 Priority indicators selected in the ENVASSO project (Kibblewhite et al. 2005) 
Key Issue Candidate Indicator 
Soil Erosion  
Water erosion Estimated soil loss by rill, inter-rill, and sheet erosion 
Wind erosion Estimated soil loss by wind erosion 
Tillage erosion Estimated soil loss by tillage erosion 
Decline in Soil Organic Matter  
Soil organic matter status Topsoil organic carbon content (measured) 
Soil organic matter status Soil organic carbon stocks (measured) 
Soil organic matter status Peat stocks (calculated or modelled) 
Soil Contamination  
Diffuse contamination by inorganic 
contaminants 
Heavy metal contents in soils 
Diffuse contamination by soil 
acidifying substances 
Critical load exceedance by sulphur and nitrogen 
Local soil contamination Progress in management of contaminated sites 
Soil Sealing  
Soil sealing Sealed area 
Land consumption Land take (CLC) 
Brownfield redevelopment New settlement area established on previously 
developed land 
Soil Compaction  
Compaction and structural degradation Density (bulk density, packing density, total porosity) 
Compaction and structural degradation Air-filled pore volume at a specified suction 
Causes of soil compaction Vulnerability to compaction (estimated) 
Decline in Soil Biodiversity  
Species diversity Earthworms diversity and fresh biomass 
Species diversity Collembola diversity (Enchytraeids diversity if no 
earthworms) 
Biological functions Microbial respiration 
Soil Salinisation  
Soil salinisation Salt profile 
Sodification Exchangeable sodium percentage (ESP) 
Potential soil salinisation/ sodification Potential salt sources (groundwater or irrigation water) 
and vulnerability of soils to  salinisation/sodification 
Landslides  
Landslide activity Occurrence of landslide activity 
Landslide activity Volume/weight of displaced material 
Vulnerability to landslides Landslide hazard assessment 
Desertification  
Desertification Land area at risk of Desertification 
Desertification Land area (forest and other non-agricultural land use) 
burnt by wildfires 
Desertification Soil organic carbon content in desertified land 
The Cornell Soil Health programme suggests 39 chemical, biological and physical indicators to 
help monitor the state of soil health spatially and temporally. These were specifically selected to 
measure soil improvement or degradation resulting from different management practices and the 
long term changes in soil health under given management practices (Moebius et al. 2007, Moebius 
et al. 2011, Schindelbeck et al. 2008), Table 6.5. 
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Table 6.5 Indicators suggested by the Cornell Soil Health Program (Idowu et al. 2008) 
Physical indicators Biological indicators Chemical indicators 
Bulk density Root health assessment Nitrate nitrogen 
Macro-porosity Organic matter content pH 
Meso-porosity Beneficial nematode population Exchangeable acidity 
Micro-porosity Parasitic nematode population Phosphorus 
Available water capacity Potential mineralisable nitrogen Potassium 
Residual porosity Decomposition rate Magnesium 
Penetration resistance at 10 kPa Particulate organic matter Calcium 
Saturated hydraulic conductivity Active carbon test Iron 
Dry aggregate size (<0.25 mm) Weed seed bank Aluminium 
Dry aggregate size (0.25–2 mm) Microbial respiration rate Manganese 
Dry aggregate size (2–8 mm) Glomalin content Zinc 
Wet aggregate stability (0.25– mm)   Copper 
Wet aggregate stability (2–8 mm)     
Surface hardness (penetrometer)     
Subsurface hardness (penetrometer)     
Field infiltrability    
6.6 Strengths and Weaknesses of Current Approaches 
The SCI and the SMAF, either individually or in combination, were found to fall short of the ideal 
assessment system (Cox 2008). It has been stated that the main strength of the SCI was that it was a 
predictive tool allowing users to compare different management and conservation based systems. 
It is also well incorporated with, and uses the same input data as other conservation tools. The 
results of SCI are easy to understand, the outputs relate to management options, and have been 
used in national or regional assessments of trends in soil quality. SCI suffers from three primary 
weaknesses (i) that the tool evaluates only one indicator of soil quality; (ii) that the tool has not 
been subjected to significant peer review in the scientific community; and (iii) the applicability and 
performance of SCI has not been widely tested. The SMAF is best used as a soil quality assessment 
tool that allows users to define their management goals and evaluate multiple soil functions using 
multiple soil indicators. It enables a comprehensive snapshot assessment of soil quality and 
function based on a suite of physical, chemical, and biological indicators. It can be used to suggest 
opportunities for improving soil quality in ways that would facilitate accomplishing the stated 
management goals. The output of the tool is accessible to non-scientists, relates directly to the 
goals specified by the user, and can be used to monitor changes in soil quality through repeated 
measurement and interpretation of the same indicators at the same location. The major weakness 
of SMAF is that it requires measurement and sampling of indicator values directly at the site to be 
assessed. This can be difficult, time-consuming, or expensive to obtain, dependent on the 
particular indicator and the sampling intensity required to represent adequately the spatial 
characteristics of the site being assessed (Cox 2008). 
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The NRCS suggests advantages and disadvantages when deciding which method of soil quality 
assessment to use; Table 6.6. This demonstrates the range of approaches used by the NRCS from 
low cost, fast screening methods for gathering qualitative data to more expensive and time 
consuming methods of collecting quantitative data (NRCS 2001a). 
It is clear that a number of soil quality assessment methods are relatively well incorporated into 
systems for management and conservation of soils including evaluation of at-risk soils. While well-
established approaches such as the T Standard, RUSLE2, and WEQ have focused on soil erosion there 
has been a move towards assessment and management of other threats to soil regarding 
management of soil quality, as seen in tools such as SMAF. Programmes such as the Cornell Soil 
Heath programme are having success at incorporating on-farm education and scorecard based data 
collection with more detailed soil test kit type data and laboratory analysis. The majority of soil 
quality evaluation tools currently proposed or in use, focus on evaluation of managed land and 
assessing how management practices affect soil quality and ecosystem function.  This does not 
necessarily fit with the requirements of proposed legislation which is likely to require risk 
assessment of all soils not just actively managed soils or those with conservation plans. There also 
appears to have been little transposition from approaches targeting land owners, managers and 
farmers to members of the public and ‘citizen scientists’.  If more detailed soil quality assessment is 
to be directed by collection of data by non-experts/ members of the public then this requires a 
basic set of indicators which are able to collect reliable, inexpensive and easy to collect data. If the 
data are to be used for the purpose of prioritising further more detailed assessment then a 
standardised set of indicators should be used that does not vary over land use or soil function. 
Such an approach should seek to allow data to be collected from those areas not normally collected 
by more established soil surveys. 
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Table 6.6 Comparison of NRCS Soil Quality Assessment Methods (NRCS 2001a) 
Assessment 
Tool 
Speed of Use/ 
Results 
Ease of Use Comprehensive 
Data Set 
Cost Farmer 
Interaction 
with Advisor 
Advantages Disadvantages 
Soil Health 
Card 
Use: Fast               
(15-30 min.)          
Results: Immediate 
Easy Usually None Low to high Landowners can 
use independently 
and are more 
involved, results 
easy to interpret, 
locally adapted. 
Reliability of 
information, requires 
specific conditions for 
sampling, subjectivity 
in interpretation of 
results 
NRCS Soil 
Health Card 
Template 
Use: Fast               
(15-30 min.)      
Results: Immediate 
Easy Yes None High Results easy to 
interpret, locally 
adapted, can be 
included in 
conservation plan 
Reliability of 
information, requires 
specific conditions for 
sampling, subjectivity 
in interpretation of 
results 
Soil Quality 
Test Kit 
Use: Moderate       
(4-6 hours for 
comprehensive 
evaluation)        
Results: Immediate 
Intermediate 
-hard 
Yes Low to 
moderate 
High Reliable 
information, data 
can be collected by 
various users, 
interpretation of 
tests available in 
guide 
Some tests difficult to 
interpret, not locally 
adapted, requires 
specific conditions for 
sampling, labour 
intensive 
Lab Analysis Use: Fast (15-30 
min.) 
Results: 2-3 weeks 
Easy No-Physical and 
Biological 
indicators require 
specialty analysis 
Moderate 
to 
Expensive
: variable 
Low High reliability 
and precision, 
professional 
recommendations 
accompany results 
for some tests. 
Need help to interpret, 
need outside lab, all 
tests not available, 
potential high costs for 
repeated tests 
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6.7 An example set of indicators for screening 
Previously suggested and current soil quality indicators can be reviewed against the requirements 
of indicators for a screening method using non-experts to collect data (Figure 6.4, Table 6.7).  
 
Figure 6.4 Methodology for determination of screening indicators. 
Properties that indicators should possess (Table 6.2) have been taken into account when 
developing indicator selection conditions. These conditions include links to assessment criteria, 
applicability, robustness, ability to be included in a pedotransfer function (prediction of certain 
soil properties from other more available, easily, routinely, or cheaply measured properties), 
availability of a data collection method, and ability to collect information about the soil system in a 
reasonable timeframe. These conditions are comparable to those used by the UK SIC (Loveland et al. 
2002), which used criteria for selection that were simple, but wide-ranging. In common with other 
environmental indicators the ones used for this purpose need to be credible in that they must 
provide trustworthy results, functional by their ability to be implemented successfully and provide 
reliable results, and comparable between survey sites and between participants. 
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Table 6.7 Selection conditions for screening indicators and their assessment method. 
Condition Rational  
Link to 
Criteria 
The most important indicators must be selected in order to adequately and 
efficiently allow evaluation of the assessment criteria 
Wide 
applicability 
Should collect relevant information from as wide range of soils as possible 
Robustness Related to the relevance and measurability of the indicator and possibility to 
interpret what a change in the indicator means for the soil system. 
Pedotransfer 
function 
ability  
Ability of an indicator to be used with other data to estimate other 
parameters of the soil increases the evidence base. 
Availability of 
method 
The availability of a simple and inexpensive method for collection of data.  
Achievable 
within a 
reasonable 
timeframe 
The indicator must be able to provide information on the soil system in a 
short timeframe to enable regular data collection.  
Assessment of soil quality indicators against such criteria allowed selection of a smaller basic set of 
indicators for use in a screening step. For collection of data by non-experts, indicators, which were 
judged appropriate for a screening step are: topsoil pH, soil texture, odour, soil infiltration rate, 
colour, soil biodiversity, presence of carbonates, presence of roots, penetration resistance, soil 
moisture, and presence of anthropogenic objects (Table 6.8). The range of indicators is designed to 
collect basic information on soil’s chemical, physical, and biological properties which can be 
interpreted by experts at a macroscopic scale. 
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Table 6.8 Indictors suggested for screening to select areas for further detailed assessment 
 Screening Indicator Description Proposed Method to 
Obtain or Measure 
Indicator 
Ph
ys
ic
al
 
Soil texture Soil texture is related to the retention and transport of 
water and chemicals. It strongly influences the 
acceptable/ desirable ranges of other soil quality 
indicators and influences land use and ecosystems.  
Hand Texturing Method           
(Thien 1979) 
Soil infiltration rate Soil infiltration is relevant to water storage, leaching, 
water run-off potential, erosion, flood risk and 
transport of nutrients. It is influenced by other soil 
properties such as soil bulk density/compaction and 
soil texture. 
Measuring infiltration of 
water in a period of time 
e.g. falling head 
infiltration experiment 
(Theis 1932) 
Compaction Soil compaction influences upon water penetration and 
runoff, root penetration, and organism movement. 
It is a good indicator of the condition of the upper 
soil, and related closely to soil texture, infiltration, 
and can be influenced by soil moisture. 
Penetration resistance using 
simple estimation of 
resistance                            
(USDA 1999) 
Soil Moisture The soil moisture state affects water availability to 
organisms, soil erosion, and slope stability. It has an 
effect upon soil colour, grade of structure, and 
consistence. Properties of soils with different levels 
of moisture vary also with soil texture. 
Degree of wetness is 
evaluated by eye and by 
manipulation by hand      
(Clarke et al. 1971) 
B
io
lo
gi
ca
l 
Soil Biodiversity  Diversity and abundance of soil organisms can be seen 
as indicators of ‘soil health’. The absence of key 
species can be seen as an indicator of stress.  
Abundance and species 
diversity of soil 
organisms (e.g. 
earthworms) 
Roots 
 
The rooting condition of a soil expresses conditions that 
are favourable to an effective root system. Rooting 
condition is controlled by the root limiting layer 
and by the ease of root penetration. Root 
penetration is linked to the soil texture and to 
compaction. 
Description of root system 
(Romig 1995) 
C
he
m
ic
al
 
Topsoil pH Soil pH is an indicator of the soil acidity and alkalinity. 
It has a strong influence upon soil flora and fauna, 
ultimately upon land use, and can also be affected 
itself by land use. 
Use of simple apparatus e.g. 
pH indicator strips 
Odour Soil odour is related to microbiological activity. It can 
serve as an indicator of good microbiological 
activity or anaerobic conditions. However odour is a 
subjective measurement and numbers or levels of 
microbial activity cannot be precisely measured. 
Participants choosing if soil 
has a sour, putrid, or 
chemical odour, no 
odour, a mineral smell, 
or soil has an earthy, 
sweet, fresh odour e.g. 
(Romig et al. 1996) 
Calcium carbonate 
(CaCO3) 
Calcium carbonate affects soil structure and interferes 
with infiltration and evapotranspiration processes. 
It influences the soil moisture regime, availability of 
nutrients and pH buffering, and is related to other 
soil properties such as soil texture and pH. 
Addition of acid to the soil 
and observation of 
effervescence               
(Dent et al. 1981) 
Ph
ys
ic
al
 
C
he
m
ic
al
 
Anthropogenic 
Objects 
Anthropogenic influence can give an indication of the 
presence of contaminants, heterogeneous soil 
conditions and effects upon ecosystems. There is no 
scale of how to relate a certain level of 
anthropogenic influence over soils to soil quality.  
Presence, number and type 
of non natural material 
present in set volume.  
Colour Variations in soil colour are attributed to soil forming 
processes or inherited from the parent material. 
Factors influencing soil colours are organic matter 
content, water content, and the presence and 
oxidation states of iron and manganese oxides. The 
soil colour can be attributed to soil chemistry, water 
chemistry, or water content. 
Comparison to colour charts 
(Munsell 1905) 
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6.8 Discussion 
Screening using the indicators discussed in this chapter can be carried out by experienced persons, 
farmers and land owners and by non-experts, depending on the resources available. If data are to 
be collected by non-experts then several factors need to be considered.  
The method of data collection is perhaps the most important factor to consider since observations 
must be repeatable, as objective as possible, easy to follow for inexperienced users, and able to be 
used safely with little formal training. The quality of the data received from those collecting it is a 
major function of the output of the tool, and for this reason the quality of data must be controlled 
on collection, but also taken into account when analysing and interpreting data. Another issue is 
how the methods for data collection can be made available to non-experts and how participants 
can be recruited, trained and communicated with.  
Methods for the collection of data that are chosen for the suggested screening indicators need to 
collect data at a level of detail that is greater than simple visual observation. Various methods exist 
that are adaptable for use by non-experts that have been used for educational purposes, for 
example, soil texture determination by hand texturing (Thien 1979). Other indicators can be 
determined simply using commonly available apparatus such as topsoil pH using indicator strips, 
and comparison of soil to a colour chart similar to the Munsell system (Munsell 1905). 
It is essential that clear instructions are provided to participants collecting the data. Non-experts 
would need to have some training that will inform them what the purpose of the data collection is 
and to make sure the approach followed is standardised as much as possible when the tool is being 
used by different non-experts.  Training would also ensure that additional objectives such as 
improving knowledge of the importance of soil and environmental issues could be addressed. Clear 
reference material that can be taken into the field which includes pictures, diagrams and flow 
charts make it easier for non-trained personnel to correctly carry out the tasks. It is an essential 
requirement that data received from non-experts is handled and interpreted in a suitable manner. 
This may include comparison of data with existing data sources such as those from existing soil 
surveys, calibration of data against that collected by experts, and comparison of data collected at a 
site with data from others in the close vicinity.  
Recruitment of participants to carry out the data collection is another important aspect of a 
successful data collection using non-experts. It is important to get wide spatial coverage and 
sufficient sample density of the area that the final user is interested in.  There is, however, a benefit 
in building relations with a network of participants that can take multiple measurements over time 
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perhaps from smaller spatial areas. Such a network of participants could be supported by regional, 
more experienced, staff that would be able to offer training and support.  
Assessment of data in a screening tool can be carried out either at a point level, or geospatially. 
Geospatial tools can assess indicators in relation to their location, value and surrounding points, 
using geographical information systems and associated geostatistical tools such as interpolation 
and cluster analysis. Such geostatistical tools can be used to evaluate information based upon 
administrative unit, grid square or geological/soil unit (Miles et al. 2005). Extra information can be 
determined by estimation of additional soil parameters from those collected or in combination 
with existing data from other sources using pedotransfer rules (Bouma 1989). 
Loss of biodiversity is seen as a potential threat to soil; however it is not included in the proposed 
EU SFD due to difficulties in quantification of changes in biodiversity at a European or even a 
national level (Creamer et al. 2010). Collection of information relating to soil biodiversity could 
allow investigation of the distribution of organisms across geographical areas and an 
understanding of how organisms relate to soil properties and management practices. It can 
contribute to research into the decline in soil biodiversity such as ‘The European Atlas of Soil 
Biodiversity’ (Jeffery et al. 2010), ‘The Netherlands Soil Monitoring Network’ (Rutgers et al. 2009), 
and the ‘EcoFinders’ project (INRA 2011). There has also been suggestion that soil quality assessment 
tools could feed into multi-factor sustainability tools, combining environmental, economic and 
social indicators (Andrews et al. 2011, Gomez et al. 1996). Screening methods as suggested in this 
work additionally could be employed to meet the needs of regulation controlling amendments to 
land. These include amendments derived from sewage sludge from the treatment of waste water, 
compost from biodegradable municipal solid waste (BMW), and compost-like outputs from the 
biological treatment of mixed residual municipal solid waste (Donovan et al. 2011).  
The inclusion of basic data collected by non-experts into projects not only has the potential to 
allow mass collection of information but also to increase public understanding about soil 
properties and biodiversity. Such schemes could encourage people to engage with, raise awareness 
of, and take ownership of their environment and nature. Raising awareness about the importance 
of soil is likely to be a further requirement of emerging legislative instruments and initiatives, and 
as such public soil surveys could play a part in meeting this requirement (EC 2010c).  
Care must be taken to avoid interpretation of the suggested screening indicators individually, as 
they are likely to be of a lower data quality than soil quality indicators and could even be 
misleading compared to existing approaches.  Indicators have been selected to provide information 
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about the physical, biological and chemical properties of the soil to help build a more integrated 
perception of its quality rather than detailed assessment of these individual parameters.   
The next stage in implementation of a screening system, as detailed in this chapter, is to work with 
policy makers and regulators to define how it can fit with higher tiers of evaluation using detailed 
assessment. The proposed work with policy makers and regulators will better allow networks of 
data collection personnel to be put in place, and appropriate data collection mechanisms to be 
designed. This is likely to require substantial use of pilot studies which will allow insight as to the 
effectiveness of the approach as a screening tool, for example if it can be used consistently by 
experts/non-experts and whether results can be replicated. 
Forthcoming legislation is likely to require governments to identify areas at risk of soil 
degradation, and then to protect those soils. However, the soil quality assessment approaches that 
are currently used to assess soil quality and risk of soil degradation would be an expensive option 
to identify these areas at risk. This work has suggested that a screening method is used to identify 
areas at possible risk of soil degradation, which can then be assessed using a more detailed study. 
As screening approaches are both cheaper than quantitative assessments and more efficient as they 
allow for prioritisation, this approach is likely to bring cost and resource savings. Resource 
efficiency might be the main driver for such an approach to be employed in the future, which is 
particularly important due to the recent austerity measures introduced in many countries, the 
increasing demands on bodies tasked with environmental protection and the requirement to 
reduce spending in many areas of government. It is important to keep the process of soil 
assessment and management manageable as well as being resource efficient, as this is crucial to 
streamline the process so that the most vulnerable soils are managed earlier to reduce risks of soil 
degradation.  
In recent years there has been a move towards civil society ownership of problems in some 
countries including the UK and this has the potential to fit with this model. Forthcoming 
legislation is also likely to include requirements for other aspects of soil protection which will put 
additional pressure on available resources and capital, something which screening could also assist 
with. 
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7 A collection of data on soils by mass public participation  
This chapter demonstrates how a survey to collect soil data by members of the public has been 
developed. It shows the potential for data generated by the public to be used in the process of soil 
assessment with example data from the OPAL National Soil and Earthworm Survey. 
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7.1 Introduction 
As discussed earlier, the improvements in environmental quality and overcoming problems of 
complexity, subtlety and lack of ownership of environmental issues, are some of the benefits from 
public participation in environmental management (Jones 2010). Involving the public in 
environmental monitoring activities is an effective way of increasing understanding of issues and 
commitment from the public (DEFRA 2011a, CEH 2011b, DEFRA 2009b). With the need for evidence-
based policy, and the recognition of the benefits of public participation in this process, this has led 
to an increased interest in public environmental surveys. 
There has also recently been a greater interest in civic participation (Skelcher et al. 2010) such as 
the UK government’s ‘Big Society not Big Government’ policy plans (Conservative Party 2010), as a 
mechanism to implement cost savings (Jordan 2011). An example of civic participation is public 
surveys, and there has been a large growth in use of ‘citizen scientists’, volunteers who collect and 
process data as part of a scientific enquiry (Silvertown 2009), see Chapter Two. 
There are a number of issues cited with collection of data using the public, which has been a 
significant hurdle for citizen science projects. However, with appropriate design of tools for public 
participation and methods for implementation, issues of data quality can be addressed and taken 
into account. Careful data management and an understanding of how to work with data will 
minimize error and bias, while very large sample sizes will tend to lessen sampling error 
(Dickinson et al. 2010). 
In addition, there has also been an increased interest in soil across the world (Vestberg et al. 2002, 
Ingram et al. 2010), in part due to increased pressure on land for critical socioeconomic activities 
(Cai et al. 2011) and an increased understanding of the threats from degradation processes (EC 
2006d, EC 2009b, Creamer et al. 2010). There is also demand for consideration of soil in the shift 
from local or regional based regulations to more ecosystem and system based environmental 
management (Apitz et al. 2006). 
The need for more coherent policymaking, better integration with other policies, consideration of 
the economic and social constraints associated with evidence collection, and engagement of the 
public in implementation are attracting a lot of concern and debate in this area. The increased 
scrutiny of government spending and the greater control of environmental risk have resulted in a 
need to improve the quality of environmental management by basing choices on reliable data and 
analysis. There is also a growing move toward a participatory approach to environmental 
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management, which is decentralised, community oriented and holistic in its view of the 
environment (Kapoor 2001). 
The Open Air Laboratories (OPAL) Soil and Earthworm Survey of England is part of the OPAL (Open 
Air Laboratories) project. It was designed in collaboration with the Environment Agency of 
England and Wales (EA), and the Natural History Museum (NHM) as a tool that aimed, through 
collection of data on soil properties and earthworm fauna by the public, to inform policy makers 
about the state of soils in England. 
In this chapter, the OPAL Soil and Earthworm Survey of England is presented as an example of a 
survey that aims to offer evidence collection, public participation in policy making, and scientific 
outputs in addition to education. It is shown how data generated by the survey can be used to 
prioritise the need for soil assessment in a process to determine areas of soil degradation. This 
chapter presents lessons learned from the survey designed specifically to deliver useful and valid 
data collected by the public to be processed and interpreted to help identify priority areas for 
further soil assessment in preparation for the needs of forthcoming EU policies. 
7.2 The Open Air Laboratories (OPAL) Soil and Earthworm Survey  
The OPAL Soil and Earthworm Survey (‘the survey’), one of six surveys of the OPAL project across 
England aiming to learn more about the state of the environment, was designed as a pilot of an 
approach where data on soil characteristics and earthworms generated by the public is used to 
help to prioritise the need for further soil assessment. The survey aimed (objectives in Figure 1): 
• to address this deficiency in knowledge about soils and collect data on soil quality and 
earthworm abundance to identify areas for further soil assessment (Data); 
• to get as many people as possible interested in soil, helping them learn how to identify 
different soil types, test soil health and quality, and discover the many different species 
of earthworms found in England (Education); 
• to increase public engagement through activities running alongside the scientific 
research programme (Participation). 
Successful holistic environmental management depends greatly on how effectively scientists, 
regulators, stakeholders, and society communicate (Apitz et al. 2006). The survey was developed 
through collaboration between such parties (Figure 7.1), engaging from the initial stages of 
problem development to the final processing of data produced. Regulatory input was from the EA; 
stakeholders included the British Geological Survey and the NHM; educators were school teachers 
and the Field Studies Council; and society included the public, interest groups and school children. 
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Figure 7.1  A conceptual model for soil surveys to fulfil objectives regarding public 
participation, data on soil quality and education.  
The survey was designed as an appropriate tool to collect data on soils from across England, and 
was launched in spring 2009, to gain a high level of responses from areas that would not have 
normally been sampled in prior soil surveys, and to collect useful data that will contribute toward 
practical outcomes. The survey was developed considering the multi-functionality of soils, which 
suggests that for a soil to function effectively multiple factors must be addressed related to 
degradative processes (Lal 1997b). 
Previous earthworm studies in England have generally been restricted to small geographical areas 
or particular habitats and undertaken by trained scientists (Eggleton et al. 2009, Sherlock et al. 
2009, Smith et al. 2006, Binns et al. 1999, Bartlett et al. 2008). The survey collected information 
from the public on soil properties and earthworms encountered across England, which has never 
been seen before.  
Participants are asked to choose a location to collect site, soil and biological data. A standard 
methodology was adopted and explicitly described in the survey materials. This method involved 
handsorting removed soil for earthworms, a method that has previously been found to be effective 
(Smith et al. 2008). For this survey, a soil core size of 20cm x 20cm by 10cm depth was used. A 
mustard solution vermifuge enabled extraction of anceic (deep-dwelling) earthworms by 
application into the soil pit itself to ensure that any earthworms that may have retreated back into 
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their burrows during digging are recovered (Smith et al. 2008, Gunn 1992, Muramoto et al. 2002, 
Butt 2000, Pelosi et al. 2009, BSI 2011). As data collection was carried out by the public it was not 
possible to use methods employing formalin to extract earthworms (BSI 2011). The abundance of 
juveniles and adult earthworms is recorded. The adult earthworms are identified using a simple 
taxonomic key to 12 common species of British earthworms (Lumbricidae) (Jones et al. 2009). 
Participants are requested to answer questions about the site and soil in and around the pit. The 
basic materials (see appendix A) were provided to participants free of charge (at a cost of 
approximately £1 per pack in 2009). 
Questions were selected to provide data to indicate possible areas of soil degradation based upon a 
number of criteria including relevance to outputs, applicability, robustness, Pedotransfer function 
ability, availability of a method and ability to be achieved within a reasonable timeframe. Further 
to this, the survey was designed so that the information collected was not only of use to scientists 
but provided data that would be of interest to participants about the soil they were surveying, and 
there by promoting participant engagement and attention to data quality. 
Specific questions chosen to be part of the survey were selected to collect information on the 
chemical, physical and biological properties of the soil while considering practicalities of data 
collection by the public, see Chapter Six.  
Table 7.1 presents the three main themes of questions 1) site, environmental and climatic 
characteristics 2) soil properties and 3) biological characteristics along with rational for collection 
and collection method. Particular attention was given to issues of data quality with each task 
addressed separately (Dickinson et al. 2010). 
 104 
Table 7.1  Data requirements and method of collection for public participation study to 
select areas of further assessment, split into thematic categories  
Site characteristics 
(Reason for 
Collection) 
Collection 
Method 
Soil properties 
(Reason for 
Collection) 
Collection 
Method 
Biological characteristics 
(Reason for Collection) 
Collection 
Method 
Surrounding area 
description.      
(Human Population 
Density) 
Observation/ 
comparison to 
pictures/ 
description in 
workbook 
Infiltration rate 
(Indicate rate soil is 
able to absorb rainfall 
or irrigation) 
Measuring 
infiltration of 
water in a period 
of time  
Immature and adult 
earthworm abundance in 
topsoil and from 
vermifuge                      
(To determine earthworm 
abundance present) 
Hand 
sorting/ 
extraction of 
earthworms 
using mustard 
vermifuge and 
counting 
numbers 
present 
Habitat description.            
(Degree of 
disturbance) 
Observation/ 
comparison to 
pictures/ 
description in 
workbook 
Anthropogenic 
objects in soil  
(Indicate possible 
disturbance/ made 
ground) 
Observation/ 
question in field 
guide 
Adult earthworm species  
 
Comparison 
to simple 
taxonomic key 
to common 
British 
earthworms  
Distance to nearest 
road.              
(Possible aerial 
pollution) 
Observation/ 
question in 
workbook 
Soil penetrability 
(Indicate soil 
compaction) 
 
Penetration 
resistance using 
simple estimation 
of resistance 
Earthworm properties    
(To check species/ 
indicate ecological group) 
Observation 
using hand 
lens/ question 
in workbook 
Visible potential 
pollution sources in 
surrounding area.  
(Possible pollution 
sources) 
Observation/ 
comparison to 
pictures/ 
description in 
workbook 
Reaction with weak 
acid  
(Indicate presence of 
carbonates) 
Application of 
vinegar to soil 
and observation 
Other organism presence 
(To indicate other soil 
fauna) 
Observation/ 
question in 
workbook 7 
field guide 
Weather conditions. 
(Encourage 
environmental 
observation) 
Observation/ 
comparison to 
pictures/ 
description in 
workbook 
Moisture  
(Determine very dry 
or saturated) 
Degree of 
wetness is 
evaluated by eye 
and by 
manipulation by 
hand 
Plant root presence  
(Determine root structure) 
Observation/ 
question in 
field guide 
  Topsoil pH       
(Indicate acidic/ 
alkaline soils) 
Pehanon pH 
indicator 
strips range 
pH 4.0 - 9.0 
Proportion of soil covered 
by vegetation.  
(Determine plant 
abundance in a small plot) 
Observation/ 
comparison to 
pictures/ 
description in 
workbook 
  Texture         
(Determine 
proportions of sand, 
silt and clay) 
 
Hand Texturing 
Method  
(Thien 1979) 
  
  Odour             
(Indicate soil 
microbial content/ 
gley soils) 
Participants 
observing soil 
odour, and 
matching to a 
description 
  
  Colour            
(Indicate organic 
content/gley soil) 
Comparison to a  
colour chart  
  
Accuracy and application of the survey was refined before the survey launch with pilot studies 
using different groups of members of the public (Cohn 2008). The survey materials were designed 
to be accessible to school children aged 11 and above (coinciding with key stages in the state 
education system in England), and having no upper age limit. They were particularly designed not 
to ‘dumb down’ the issues addressed in order to maintain attraction across multiple groups.  
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Results are recorded by participants in the workbook provided, with a request to upload it to the 
OPAL portal website (www.opalexplorenature.org), or to return it to a free post address. In the 
online submission process, participants are asked to locate the survey location on an interactive 
Google map, including postcode or grid reference. The website entry form contains a number of 
input masks and internal checks, to ensure data are entered in the correct format to further ensure 
that reliable data are being submitted. Extensive support and educational information are available 
online which participants can consult to increase their understanding of the results and what they 
will be used for. Participants can immediately view their results on a map alongside other survey 
results, plot maps of earthworm species distributions, and graphs of soil properties. 
Following the submission of data, further analysis (Figure 7.1) is required with the aim of informing 
areas for further, more detailed assessment to determine the risk of soil degradation processes 
occurring. This screening for further investigation was integrated with the citizen science model 
through the collection of soil property data, interpretation of that data and selection of areas for 
further assessment, Figure 7.2.  
 
Figure 7.2 Method used to assess data in the OPAL Soil and Earthworm Survey pilot to 
determine areas requiring further detailed investigation for soil degradation processes, 
based on Tóth & Montanarella (2009) 
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The design of the survey and inclusion of a data quality strategy was crucial to successful collection 
of useful data. A key part of the survey design was community scientists, located across England. 
They worked with participants providing training, support and education, as well as liaising with 
community groups and organising events to promote the survey. They enabled a higher level of 
supported survey uptake, helping to ensure that deprived and otherwise unreached communities 
took part in the activities. Sessions were also held to train group leaders, at a number of locations 
across the country, in an effort to allow them to educate participants and to improve data quality. 
The design of the survey aimed to address some common concerns with citizen science and to 
address these as opportunities, Table 7.2 and Figure 7.14. 
Table 7.2 Lessons learned from the development and pilot studies of the OPAL Soil and 
Earthworm Survey 
Issue Action Taken 
Uncertainty associated with 
identifying species by non-
experts 
Presence or absence of earthworms per pit; total numbers of 
earthworms found, or the numbers of different species found within 
the pit are still very useful. Additional information gathered on the 
earthworm pigmentation and size can help check earthworm species 
and ecological group 
The role of earthworms from a 
public participation aspect 
Earthworms are used to attract interest to learning about soil. A 
balance is however required to collect useful data on soil, and to 
prevent negativity if earthworms not found or if participants do not 
like them. Testing demonstrated that a variety of activities in 
collecting data keeps people engaged and interested. 
The usability of the tool kit  Use of experts in producing environmental education materials 
enabled development of clear, eye-catching and methodological 
survey materials. Language used was carefully edited to be 
comprehensible to all users.  
Sustaining participant interest 
throughout the survey 
Participation for the duration of the survey process was promoted 
using the survey materials. Extra information was added in the form 
of ‘hints’ and opportunities to take photos were labelled. If every 
question could not be answered then as much data as was collected 
was able to be returned. 
Access problems for 
submission 
A number of participants or groups did not have access to the 
internet or were not able to use the internet form. For this reason, a 
free postal address was provided to return the survey forms. 
Sustaining media interest Media events were put on throughout the survey period using well 
known spokespeople. 
The level of complexity Outcome of pilot studies suggested that activities were too 
complicated for some age groups and so a recommended lower age 
put on survey materials. Training was provided for group leaders on 
running the survey if required. 
Errors inputting data Format masks applied to online submission forms and option to 
select question not answered to prevent blanks in data. 
Errors associated with location 
information 
Entry of site postal code and selection of location on a map giving two 
references for location. This enabled later cross checking between the 
two locations.  
Understanding data limitations 
from different groups 
Participants asked how they are taking part in the survey, for analysis 
of survey returns from different groups separately. 
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Data gathered from the survey was processed to highlight areas where further and more detailed 
soil quality assessment may be necessary. The survey, having been designed to take quality, 
resolution, and level of detail of the public survey data into account, has provided data suitable for 
further analysis for this purpose. The analysis method takes input data from site, soil and 
biological observation, along with sample density and data from other sources. This process was 
carried out at a macroscopic level and single data points were not assessed individually. The 
assessment looks at the results for an area as a function of the local data points, with the effect of 
partly correcting for erroneous values. The unit area of land over which the soil was assessed is 
based upon existing data concerning the distances over which soil processes operate. In this case, 
in England, there are a number of relevant datasets that can then be used to define such areas; in 
this pilot study the NSRI soil association has been used as it has comprehensive and high-resolution 
coverage. The density of survey locations is a crucial consideration to make valid analysis of the 
survey results. The density of survey locations was calculated using ArcGIS (V10.0), and categorised 
according to quartiles highlighting areas of high survey density. This has also been used to direct 
future survey promotion activities toward low density areas. Following consideration of data 
spatial density, areas with sufficient data can be assigned levels of further assessment priority. 
7.3 Results 
This section documents the analysis of the first 3,332 survey responses received up until the 24th 
May 2010. Most survey submissions (90.8%) were received from March to July 2009, during the 
phase when the survey was heavily promoted in the media and directly to the public. Before 
subsequent analysis of the public data, all submissions were screened and responses were flagged if 
location information was not thought to be accurate (2.5%) and where the submission was from 
outside England (0.6%). Duplicate records were identified as those where all of the fields including 
the location information were exactly the same value (16.9%). Of these submissions identified as 
duplicates, 84.3% were from school groups. After data screening, there were 2671 records 
remaining (80.2% of the original records collected). 
7.3.1 Comparison to existing data sources 
The survey data were compared with existing data sources to assess the extent of agreement 
between data collection methods.  
The soil classification using the World Reference Base for Soil Resources system (IUSS Working 
Group WRB 2006) of surveyed sites was compared to the proportion of the land area in England 
under each soil classification using data from the European Soil Database (ESDB) Vol. 2 (European 
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Soil Bureau Network and the European Commission 2004). The proportion of surveyed sites 
defined as belonging to a soil classification (IUSS Working Group WRB 2006) varied from the 
proportion of land area of England made up of these soil classifications (European Soil Bureau 
Network and the European Commission 2004): (Figure 7.3). Notably, a much higher proportion of 
soils surveyed were classified as towns than makes up the proportion of soil classification by area 
of England, while the proportion of soil classified as Cambisol and Gleysol were under-surveyed.  
 
Figure 7.3 Proportion of surveyed sites and the proportion of area of England by World 
Reference Base for Soil Resources Level 1 classification system. Data from European Soil 
Database Ver. 2.0 (European Soil Bureau Network and the European Commission 2004) 
At surveyed locations, topsoil pH frequency distributions were compared with mapped NSRI data 
(NSRI 2007); the apparent error between the surveyed pH and the mapped pH was calculated by 
subtracting the mapped pH from the surveyed pH. The median pH recorded at all sites was pH 6, 
whereas the median pH of the NSRI soil association at survey locations was pH 6.5: (Figure 7.4). 
There was an exact match between the surveyed and NSRI soil association pH values at 3.8% of sites 
and 30.8% of survey results were reported within 0.5 pH units of the NSRI soil association value: 
(Figure 7.5). The majority of survey responses (77.5%) under-reported the pH compared to the NSRI 
soil association. There are differences between the apparent error for different land uses, Kruskal-
Walis H=39.19, P<0.001, d.f. = 9, with the biggest apparent error found for survey locations in 
gardens: (Figure 7.6). There was a generally representative spatial pattern in the pH data from the 
survey when compared to existing data sets with trends of acidic and alkaline soils highlighted, 
Figure 7.7. 
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Figure 7.4 Distribution of topsoil pH Values – NSRI Mapped values (NSRI 2007) and 
surveyed values  
 
Figure 7.5 Frequency histogram of apparent error between NSRI topsoil pH (NSRI 2007) 
and surveyed pH 
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Figure 7.6 Apparent error between NSRI topsoil pH (NSRI 2007) and surveyed topsoil pH by 
surveyed land use  
 
Figure 7.7 Soil pH plots produced from data from the OPAL Soil and Earthworm Survey (a), 
and NSRI (b). 
The NSRI map provides typical percentage values for sand, silt and clay for each soil series, using 
the soil texture triangle, each set of the values was subsequently converted into a texture class 
using Texture Auto Lookup (ver. 4.2) (Teh et al. 2003, Christopher et al. 1996). Where the 
proportion of sand, silt and clay lay on or near the boundary between texture classes, it is feasible 
that the texture could be described as one of the neighbouring soil textures when observed in the 
field. Each texture class was assigned a set of corresponding mapped classes that would be 
considered consistent: (Table 7.3). The lowest proportion of consistent texture determination was 
for soils reported in the survey, as loamy sand (33.2%) and silty clay (46.9%) and greatest for sandy 
clay loam (85.3%), sand (81.0%) and loam (85.0%): (Figure 7.8). 
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Table 7.3 Soil Texture class comparison between NSRI (NSRI 2007) and survey observations 
              Surveyed texture 
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Sand    -  - - - -   
Loamy Sand    -  - - - - - - 
Sandy Loam      - - - - - - 
Loam  -       -   
Sandy Clay Loam       - - -   
Clay Loam - -          
Silt Loam  - -  -    -  - 
Silty Clay Loam - - - - - -    - - 
Silty Clay - - - - -  -   -  
Sandy Clay - - - -   - - -   
Clay - - - - -  -     
 
Figure 7.8 Percentage of sites where NSRI (NSRI 2007) and surveyed soil texture was 
consistent 
The CEH LCM2000 (Fuller et al. 2005, Fuller et al. 2002) is a digital vector map constructed using 
satellite data with knowledge based correction and is based on minimum mappable units of half a 
hectare. The map classifies land-use within one of 16 broad habitats (Fuller et al. 2005, Fuller et al. 
2002). Each survey land-use could reasonably correspond with more than one broad habitat and 
vice versa, (Table 7.4). To assess the degree to which these land use descriptions were 
representative of conditions encountered, the previously identified land-use at each survey 
location was identified on the LCM2000 map. Between 60.6% and 100% of individual land-use 
descriptions reported during the survey were considered consistent with LCM2000 mapped 
habitats, with the exception of ploughed land, where 16.7% were considered consistent, (Figure 
7.9). 
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Table 7.4 Breakdown of survey site land-uses by LCM2000 (Fuller et al. 2002) land use 
description- descriptions not considered to be consistent are identified by a cross  
                                     Survey  
                                     Landuse 
                                description 
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Broad leaved / mixed 
woodland  -    - -   - 
Continuous Urban - -  - - - - -  - 
Suburban/rural developed - -  - - - - -  - 
Improved grassland - - -  - - - -   
Calcareous grass - - -  - - - -   
Neutral grass - - -  - - - -   
Arable horticulture  -   - -   - - 
Arable cereals  -   - -   -  
Coniferous woodland  - -   - - -  - 
Setaside grass - - -  - - - - -  
Open dwarf shrub heath - - -  - - -    
Fen, marsh and swamp - - -   - -  -  
Acid grass - - -  - - - -   
Water (inland)           
Dense dwarf shrub heath - - -  - - -    
Inland Bare Ground - - - - - - - - -  
Non-rotational arable and 
horticulture - - -  - - -  -  
Bogs (deep peat)  - -   -     
Bracken - - -  - - - -   
 
Figure 7.9 Percentage of land-use descriptions matching mapped habitats 
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7.3.2 Sampling Results 
Sampling sites were most frequent around urban centres, and especially close to community 
scientist regional bases; Figure 7.10, despite this, sites were classified as suburban (45.0%), 
countryside (33.5%), and urban areas (21.3%). As a result of work to reach deprived communities, 
12.5% of surveys were submitted from areas defined as being in the 20% most deprived parts of 
England (DCLG 2007). Gardens were the most frequent land-use (25.8%), followed by playing fields 
(24.1%), open grassy fields (12.2%), wood or forest (11.8%), parkland (9.4%), grassy verge (5.7%), 
heath or moorlands (1.8%), industrial sites (1.2%), and ploughed fields (0.4%). 
 
Figure 7.10 Distribution of sites surveyed in OPAL Soil and Earthworm Survey with the 9 
OPAL regions outlined (Left). Point density of data collection locations in soil association 
areas, categorised into quartiles (Right). 
Earthworm total abundance (juvenile and adult) ranged from 0 to 88 in a single pit; however, 
almost half the sites surveyed (49.9%) had 3 earthworm individuals or fewer. Abundance varied 
between habitats, with highest numbers (median >4) found in gardens, unclassified land uses, 
industrial sites, playing fields, and open grassy fields, and least in ploughed fields (median =1); 
Kruskal-Walis H=143.05, P<0.001:. d.f.=9 (Figure 7.11). There was no difference between site settings 
with only small differences in earthworm abundance found in urban (median =3), rural (median 
=3) and suburban (median = 4) settings; Kruskal-Walis H=2.6, P=0.28, d.f.=2.  
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Figure 7.11 Median abundance (m-2) of earthworms (all species adult and juvenile 
earthworms combined) in different habitats throughout England. 
The proportion of surveys sites where specific earthworm species were recorded was greatest for 
Lumbricus rubellus (15.0%), Aporrectodea longa (14.1%), and Apporectodea caliginosa (13.6%). 
Species found at the lowest number of sites were Satchellius mammalis (3.5%), Dendrobaena 
octaedra (4.6%) and Lumbricus castaneus (5.9%): (Figure 7.12). The maximum number of species 
reported from a single survey site was 10; however 93.0% of surveys reported the presence of 3 
species or fewer.  
 
Figure 7.12 Proportion of surveyed sites where earthworm species are found.  
The most frequently observed topsoil pH were pH 6 (26.5%) and pH 5.5 (25.9%) and there was 
skew in the frequency distribution toward slightly acidic conditions. The most frequently 
encountered soil texture classes were silty clay loam (14.9%) and silty loam (14.6%), and the least 
frequent sand (2.2%), sandy clay (4.0%) and clay (4.7%). 
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Anthropogenic materials were reported as being present in the topsoil at 36.5% of survey locations, 
with 3% of survey responses reporting the presence of multiple types of object. The most frequent 
type of material found was construction material (14.6%), unclassified material (11.9%) and glass 
(9.5%). There were differences in the objects found in the topsoil between habitat types; Kruskal-
Walis H=119.94, p<0.001, d.f.=9. The highest proportion of sites with objects found was in 
industrial sites (57.6%), and gardens (47.9%), the lowest proportion of sites with objects found 
being ploughed fields (8.3%). There are also differences in the proportion of sites where objects 
were found in topsoil between site settings (Kruskal-Walis H=128.67, P<0.001, d.f.=2), with 50.0% 
of urban sites containing objects, 40.6% of suburban sites and 22.3% of rural sites.  
Recorded infiltration rates of 750ml of liquid (dilute mustard solution) to the soil varied from 
almost instantly infiltrating to the maximum category of over 3 minutes, with the majority (61.1%) 
of survey sites taking over 3 minutes for the liquid to infiltrate. 
The majority of soil colours were reported as being medium brown (43.3%), light brown (22.2%), 
and brownish black (22.1%). Colours with the fewest responses were grey/white (0.3%), blue/ grey 
(0.4%), yellow (0.5%), red (0.7%) and green (0.7%). The majority of responses (56.6%) reported an 
earthy, sweet, fresh smell; no soil odour was reported in 35.3% of survey responses, and a sour, 
putrid or chemical smell in a small proportion of surveys (5.1%). 
A measure of penetration resistance was reported as easy (44.1%) and difficult (43.0%) in similar 
proportions and very difficult in a lower number of sites (11.8%). Soil was reported to fizz on 
application of vinegar at 10.2% of sites.  
Use of the method detailed in this work demonstrates how the public survey data can be used to 
help prioritise and highlight areas for further investigation, Figure 7.13. This is based on evaluation 
of survey data for each NSRI soil association across England. The density of surveyed locations 
highlights areas where more valid further analysis can be made, and where it is too low to make 
assessments (Figure 7.10).  
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Figure 7.13 Plot of England showing soil association categorised by the requirement for 
further assessment based on survey data. 
There are a number of clearly defined areas that the approach highlighted for further detailed 
assessment in order to understand if, and which, soil degradation processes are taking place. The 
pilot study data can also be used to produce representative plots of soil and earthworm properties 
in the areas surveyed, for example earthworm abundance. 
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7.4 Discussion 
To address the need for evidence led decision-making, and the outstanding issues surrounding 
resource and capital requirements of new soil protection polices, there appear to be particular 
benefits in inclusion of public participation as a mechanism for developing and implementing soil 
protection policies. Such public participation will not only raise awareness of soil, but will increase 
the perceived ownership and acceptability of policies for its protection. The potential cost savings 
from an effective public participation tool could lead to efficiencies in evidence based policy 
through increased availability of data. 
General public perception of the environment is an important factor in gauging the impact of 
environmental protection legislation (Lutchman et al. 2007). It has been suggested that 
environmental science practitioners fall in to three categories, with reference to available 
infrastructure: large scale, small scale, and citizen scientists (Kolok et al. 2011). The input of these 
parties into a tool to meet the objectives of providing data, education and public participation 
could be an effective way of improving environmental quality, meeting the objectives of citizen 
science projects for soil protection, and bridging the gap between different scale environmental 
science practitioners. Furthermore, there has been pressure for improved access to environmental 
justice (Rechtschaffen 2003, US EPA 2011c, US EPA 2010, Molitor et al. 2011). Higher than expected 
returns from disadvantaged communities highlights that approaches such as the survey could help 
to support research that employs participatory principles and integrates social and physical 
sciences aimed at understanding solutions to environmental inequalities (US EPA 2011c).  
The improvements in environmental quality and overcoming problems of complexity, subtlety and 
lack of ownership of environmental issues, are some of the benefits from public participation in 
environmental management. This combined with earthworms being recognised as ecosystem 
engineers due to the major role that they play in modifying the soil ecosystem suggests that they 
could be used as tools to understand soil processes. The survey has collected data on soil 
properties and earthworm fauna using non-expert members of the public; however, it was not just 
a citizen science project to deliver data, but through integration of the objectives of data 
collection, education and public participation to give a net benefit over existing approaches. Figure 
7.14 details the objectives of the survey and examples of how these have been met. Through careful 
design and strategic planning of this public participation project, data collection materials and 
support, it has been shown how an approach like this can be used for a practical outcome. The use 
of such an approach has demonstrated that it can deliver improvements in the amount and quality 
of evidence that can be used to inform policy implementation.  
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Figure 7.14 Objectives, examples of resulting outcomes, and key lessons of the OPAL Soil 
and Earthworm Survey 
While the number of survey responses received has been high and there is a good spatial coverage 
of England, the scale on which soil processes operate means that as survey density increases so will 
the confidence in findings. The survey has high-density coverage of many urban areas and the 
predominance of survey locations in these settings shows an advantage of collection of data by the 
public, which have provided access to soils largely not sampled by existing soil surveys.  
Data received by the survey was of acceptable quality, especially for the large-scale practical 
interpretation reported in this work. Increases in data quality would be unlikely to change 
significantly the overall interpretation of the data at the scale used, once a ‘critical mass’ of data 
has been reached. There are some areas that have been under surveyed such as cambisols 
compared to the proportion by land area in England, which is likely to be due to these soils making 
good agricultural land (IUSS Working Group WRB 2006). The under-surveying of gleysols is likely to 
be due to the public not having access to such sites. The frequency distribution of topsoil pH 
appears to be roughly consistent with existing data, with a slight skew of surveyed topsoil pH 
toward acidic conditions compared to the pH of the NSRI soil association at the same location (NSRI 
2007). It was considered that the results of the survey were suitably representative of the land uses 
encountered with a good level of consistency between the surveyed land use and the LCM2000 
mapped land use (median 84.3% consistent). It appears that garden soils are the most altered 
environments from the survey results and comparison to other data; however, this does not appear 
to be causing a decline in earthworm numbers. Earthworm abundance is likely to react positively 
to a number of land management activities in gardens such as addition of organic material, liming 
and turning over of the soil. 
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Although confidence in individual results is variable, when observed question by question it 
depends upon the difficulty and degree of subjectivity of the data collection method. The reliability 
of the presence of anthropogenic objects could, for example, be higher than the determination of 
soil texture, which is a more complex task. For earthworm fauna there is more confidence in the 
abundance of earthworms recorded than the presence of individual species, as counting 
individuals is less prone to error than using a taxonomic key. Comparison of earthworm data to 
existing sources has been limited due to the lack of such records for England, with earthworm 
distribution data limited at present to specific areas. 
Public survey data was not checked by participants returning soil samples or earthworms to verify 
their submission. To implement this would have required overcoming logistical problems as well 
as having the procedures and resources in place to analyse the samples received, and analysis 
would not be available for every measurement. It would however allow for a better understanding 
of the accuracy of survey responses, which can be considered in application of the data, especially 
if used in an approach to identify areas at risk from soil degradation processes.  
Data collection of this type has the potential, not to replace existing monitoring, but to guide it to 
prioritise resources to areas with the highest need for detailed assessment. There is a need to 
maintain the capacity to collect new data on soils in order to report changes over time and to take 
informed decisions based on actual soil condition and not on outdated or estimated information 
(Montanarella 2010). The approach to analysis of data that is described in this work meets this 
need by providing an adaptable, low cost, and relatively quick method of data collection, and to 
prioritise further detailed investigation toward those areas where it is most likely to be needed. 
Use of survey data has, in areas of high density, given a good impression of how data can 
potentially be used. Data collected by the public can also be used to direct specific further 
assessment of the interaction between soil properties, chemical compounds and soil organisms. 
The use of public data in such a way and communication of the value e of their contribution 
should encourage further involvement in science and policy. With 8.1 million students in schools 
in England alone (Department for Education 2011), the potential for large scale data collection for 
future research projects is massive. 
The study has proved an important insight into use of public participation in soil surveys which 
future larger scale regulatory agency backed programmes may utilise. The survey has ultimately 
met its objectives and resulted in thousands of individuals in England getting outdoors into their 
local environment and collecting useful data on soil properties and earthworms. This first major 
public survey of soil and earthworms has demonstrated that there is value in data collected by the 
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public on such subjects. Ultimately, it is hoped that the project has raised awareness of the 
importance of soils, biodiversity and environmental quality, and increased public understanding 
and acceptance of soil protection policy. 
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8 Earthworm abundance findings from a mass public survey 
This chapter presents an investigation into earthworm abundance data found in the public survey, 
the OPAL Soil and Earthworm Survey. It shows how such public generated data can be appropriately 
handed and evaluated to highlight trends.  
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8.1 Introduction 
Earthworms are often considered to be the most important invertebrates in most lowland 
temperate soils. They are recognised as ecosystem engineers due to the major role that they play in 
modifying the soil ecosystem (Turbé et al. 2010, Carpenter et al. 2008, Lavelle et al. 1997). They 
have a role in promoting soil quality (Eggleton et al. 2009) as they modify the physical structure 
of soils by creating aggregates (Haynes et al. 1998), creating pores which act by increasing 
infiltration and drainage (Lamandé et al. 2003). This all contributes to the development of soil 
horizons and driving decomposition (McInerney et al. 2000) by the transport of material and 
incorporation of organic matter (Carpenter et al. 2008).  
Public surveys have been used to promote interest in particular subjects, and there has been a large 
growth in the use of ‘citizen scientists’ (Silvertown 2009). Worldwide there have been a number of 
public surveys of soil organisms (Baker et al. 1997). However, there has been no documented public 
surveys of earthworms in England. For this reason the OPAL Soil and Earthworm survey (‘the 
survey’) is being undertaken as part of the Open Air Laboratories Network (OPAL) project (Davies 
et al. 2011), funded by the Big Lottery Fund for England, with a main aim to develop a greater 
understanding of the state of the environment and its biodiversity. 
This chapter, contributing to objective five, presents an evaluation of earthworm abundance data 
from mass public survey, it describes how earthworm abundance data collected as part of the mass 
public survey of soil properties and earthworms has been used to identify hot spots and cold spots 
of earthworm abundance. 
8.2 Materials and Methods 
The public identified the mature earthworms collected using the field guide. However, confidence 
in the submitted data on earthworm abundance (total number of adult and immature earthworms) 
was much higher compared with the species identification data. Therefore, only abundance data 
has been considered in this chapter. 
All submissions from the public survey were screened and responses were excluded if location 
information was not thought to be accurate, if submissions were duplicates, or if the submission 
was from outside England. After the data screening, 2671 records remained (80.2% of the original 
records).  
The spatial association of earthworm abundance values was investigated using statistical analysis 
within ArcGIS (V10.0). Anselin Local Moran’s I was used to evaluate the existence of significant 
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clusters in the spatial arrangement of earthworm abundance. This measures spatial 
autocorrelation, based not only on survey locations or abundance values alone but on both 
location and values simultaneously (Moran 1950). The purpose of this technique is to identify 
clusters of surveys with similar values and to identify outliers by comparison to neighbouring 
surveys and the mean of all surveys. The tool calculates a Local Moran's I value and a Z score for 
each survey location. A positive value for I indicates that the survey location is surrounded by 
features with similar values and is part of a cluster. A negative value for I indicates that the survey 
is surrounded by other surveys with dissimilar values, and is an outlier. The index (I) values are 
interpreted in the context of a Z score, which represents the statistical significance of the index 
value. The Z score indicates whether the apparent similarity (or dissimilarity) in values between the 
feature and its neighbours is greater than one would expect simply by chance.  
Additionally, K-function analysis is a method to test for global clustering in a point pattern in a 
planar space, testing the hypothesis of complete spatial randomness (where point events occur 
within a given study area in a completely random fashion). The confidence interval in this analysis 
is generated by examining permutations of randomly generated patterns of points over the whole 
study area. In the multi-distance spatial cluster analysis tool L(D) is a scaled metric of the K 
function. If for any distance, the observed L(D) falls above or below the expected L(D) the null 
hypothesis of complete spatial randomness can be rejected. An observed L(D) below the confidence 
envelope indicates that the points are dispersed at that distance, whereas an observed value above 
the confidence envelope indicates that clustering is present at that distance. In this analysis, the 
points have been weighted with the earthworm abundance, and the confidence interval is 
calculated by redistributing the weight (abundance) randomly over 999 permutations while the 
locations remain fixed. The 999 permutations may be loosely translated to a confidence level of 
99.9%. The null hypothesis for this test is that the pattern of earthworm abundance is not 
significantly more clustered or dispersed than the underlying pattern of the surveys. The null 
hypothesis is rejected if the observed weighted results fall outside of the unweighted results 
confidence envelope.  
Interpolation maps for earthworm abundance that use original data points to create predictions of 
values between sample locations were created to delineate potential areas of high and low 
abundance.  The inverse distance weighting (IDW) interpolation method has been used; an exact 
deterministic technique to create the prediction maps. This allowed spatial patterns to be 
investigated, while honouring the original data, and the peaks and troughs it contains. Total 
numbers of earthworms were logarithmic (LOG) transformed, to stabilise variation and to 
normalise data. 
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Areas of high (hot spots) and low (cold spots) earthworm abundance were selected taking into 
account values from the interpolated surface and survey density (Figure 7.10). Hot spots were 
selected as areas where the predicted numbers of earthworms are greater than the upper quartile 
(75%). Cold spots were selected as areas where the predicted earthworm numbers are less than the 
lower quartile (25%). Areas where the survey density was less than the median survey density were 
not included in the analysis.  
8.3 Results 
A total of 15685 individual earthworms were reported by survey participants. Total abundance 
including both juveniles and adults ranged from 0 to 88 in a single survey, however almost half the 
sites surveyed (50.6%) had 3 individual earthworms or fewer. 
Significant clustering of high and low samples did occur for earthworm abundance in a number of 
areas of England (Anselin Local Moran's I, p<0.05), these significant clusters are indicated on 
Figure 8.1 along with the interpolated surface categorised to indicate hot/ cold spots. Areas of low 
and high earthworm abundance and significant high and low clustering are present at a number of 
locations across England, including rural and urban areas. Notably large areas have been identified 
as having low earthworm abundance around the Welsh borders and London, and a band of high 
earthworm abundance in the north of England and Nottingham, Birmingham and the Severn 
estuary. 
The pattern of survey responses exhibits multi-distance spatial clustering of earthworm abundance 
values (Ripley’s K function, 999 permutations). The observed K values are larger than the expected 
K value at all distances and therefore the distribution is more clustered than a random distribution. 
The pattern of earthworm abundance values is significantly more clustered than the underlying 
pattern of survey locations since the observed results fall outside of the confidence envelope. 
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Figure 8.1 Prediction map (IDW) showing areas of predicted high, medium and low 
abundance of earthworms where sample density is greater than the median sample 
density. Statistically significant clusters (Anselin Local Moran I p<0.05) are indicated by 
points. 
Median earthworm abundance recorded at the original survey locations underlying the 
interpolated surface follow the hot and cold spot same pattern. The land use of the survey site was 
recorded by participants as one of 10 choices.  Samples for different reported land uses followed the 
same patterns of earthworm abundances with the exception of those with very low numbers of 
survey responses.  
Interpretation of the survey pilot study data has demonstrated that observing information at a 
large spatial scale can provide comparable information to expert datasets. Additional benefits of an 
increase in education and public participation have been demonstrated through the programme of 
outreach events and high levels of media attention. 
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8.4 Discussion 
The hot spots and cold spots of earthworm abundance that appear to be present in a number of 
areas of England from analysis of OPAL Soil and Earthworm Survey data could be caused by a 
number of factors or a combination of these. This could include geological factors, climatic factors, 
anthropogenic impact through industrialisation or agriculture, or due to natural variation. Areas of 
low earthworm density do appear to possibly coincide with areas of very high agricultural 
intensification in some areas (Jeffery et al. 2010), Figure 8.2. 
 
Figure 8.2 Agricultural intensity estimated from nitrogen load data at basin level (Jeffery et 
al. 2010).  
Investigation of the links between earthworm abundance and environmental variables requires 
higher density sampling, and collection of more detailed information on these environmental 
variables. Additional detailed investigation would answer if the patterns of earthworm abundance 
from the OPAL Soil and Earthworm Survey reliable and recoverable by subsequent sampling, and 
which of the soil properties are correlated with the abundance patterns. It will allow investigation 
of the hypothesis that if earthworm abundance and soil degradation is related to anthropogenic 
activity then higher earthworm abundance in undisturbed areas would be expected, and lower 
earthworm abundance in areas of high disturbance. 
Earthworms have been recognised as being valuable in soil classification and assessment (Römbke 
et al. 2005, Breure 2004), and are highly suitable biomonitors (Stork et al. 1992). They are 
recognised as important soil organisms and ecosystem engineers and therefore their absence could 
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indicate soil degradation, an issue that is especially relevant considering concern over loss of soil 
biodiversity and emerging regulation for soil protection. 
Analysis of data from public surveys has had practical application in indicating differences in 
earthworm abundance across England. The analysis of public data in an appropriate way has the 
potential not only to increase uptake and quality of submissions and to direct further research, but 
to ultimately educate and raise interest in soil and soil biodiversity.  
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9 Reliability of the findings of the mass public soil survey 
This chapter presents an evaluation of the reliability of findings from the mass public survey of soil 
and earthworms. It investigated patterns of earthworm abundance found in data from the public 
OPAL Soil and Earthworm Survey to understand if they are reproducible by subsequent sampling. It 
aims to determine which soil physical, climatic, and chemical factors are influencing patterns in 
earthworm abundance. 
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9.1 Introduction 
Analysis of data collected by the public as part of the OPAL Soil and Earthworm Survey, of 
earthworm fauna and soil properties, revealed that there is an apparent aggregation of 
earthworms. Chapter Eight showed that apparent hot spots and cold spots of earthworm 
abundance exist in some areas of England.  
Sherlock and Carpenter (2009) recently updated the earthworm list for the British Isles, identifying 
27 native species living freely in the soil. Earthworms have been reported as being much more 
frequent in some soils than in others. This is the case in even those areas with the same soil types, 
vegetation cover and where close observation does not show any visible difference in the nature of 
the soil (Adigun et al. 2008). Charles Darwin in his last ever scientific work, published shortly 
before his death, reported that ‘Even on the same field worms are much more frequent in some 
places than in others, without any visible difference in the nature of the soil’ (Darwin 1887).  
Earthworms are subject to large spatial and temporal variation with populations exhibiting 
irregular and aggregated distribution, which can occur as a result of both abiotic, and biotic 
factors. Abiotic conditions are the result of the interaction between local topography, soil texture 
and related soil hydrology, temperature and moisture regimes, and nutrient availability. Biotic 
interactions occur both at intra- and inter-species level and include synergism, competition, 
parasitism and predation, interactions of competition, facilitation, or co-existence, and may be 
responsible for the spatial structuring within and between earthworm populations (Edwards et al. 
1996, Curry 2004, Whalen 2004, Valckx et al. 2009). Management practices, especially tillage, alter 
the spatial variability of the abiotic factors (Valckx et al. 2009, Govers et al. 1994).  
Most temperate and tropical soils can support significant earthworm populations. Based on their 
total biomass earthworms are the predominant group of invertebrates in most soils (NRCS 1999a). It 
has been stated that earthworm biomass in pasture soils may be ten times that of stock animals 
that graze on it (Edwards 2004). Mean earthworm population densities can range from fewer than 
10 individuals per square meter to more than 1000, with biomass ranging from 1 g/m2 to 200 g/m2 
(Edwards et al. 1996, Curry 2004, Lee 1985, Lavelle et al. 1999). In some extreme cases, earthworm 
abundances of up to 2000 per square meter have been reported (Edwards 2004). Earthworm 
assemblages, with characteristic species richness, composition, abundance, and biomass, can be 
recognised in broadly different habitat types, such as coniferous forests, deciduous woodland, 
grassland, and arable land (Curry 2004). Earthworm abundance in cultivated land does not usually 
exceed 100 per square metre and in grassland not usually more than 400 per square metre. Similar 
numbers to grasslands are normally found in woodlands, where the availability of organic matter is 
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seldom limiting, although relatively few earthworms occur in acidic mor soils under coniferous 
forests (Edwards 2004). 
Soil macrofauna, particularly earthworms have been found to be spatially structured at a scale of 
<100m (Whalen 2004, Pauli et al. 2010). Earthworm populations may, however, be distributed with 
spatial structure (i.e., aggregation) and at multiple scales, depending on landscape and specific soil 
conditions (Pauli et al. 2010). Studies have looked at the fine-scale spatial distribution of 
earthworm communities. These have sampled at points within a regular grid, showing distinct 
patterns of aggregation for at least one of the species, with the drivers of these patterns often 
varying between species (Whalen 2004, Pauli et al. 2010, Rossi et al. 1997, Decaëns et al. 2001, 
Jiménez et al. 2001, Rossi 2003b, Rossi 2003a, Rossi 2003c, Margerie et al. 2001).  
Living organisms, inhabiting the soil such as earthworms, can be exposed to hazardous chemicals 
while moving through and ingesting contaminated soil or by ingesting contaminated litter (Curry 
2004). Traditional pollution control practices have focused on point sources of pollutants, those 
with an attributable source, in particular the contaminated land regimes in many countries deal 
with higher risk point source contamination. There have however been a number of instruments in 
water and soil policy that have included diffuse or non-point pollution within their remit as early 
as the US Water Quality Act 1987 (see Chapter Five). The relatively recent development of policies 
for the protection of soil within the European Union has included diffuse soil pollution from an 
early stage (EC 2002b) and was included as a recognised degradation process in the EU soil thematic 
strategy (EC 2006a). 
The main sources of diffuse pollutants to soil are from manmade chemicals, which have been 
designed for use in industry, agriculture, pest control, consumer goods and emissions from fossil 
fuel combustion (Halm et al. 2004). The resulting pollution of soils can include contaminants in 
the form of metals, poly-chlorinated biphenyls (PCBS), poly aromatic hydrocarbons (PAHS), dioxins, 
and pesticides. Contamination by metals or persistent organic pollutants (POPS) have the potential 
to reach levels that can be toxic to biological activity in the soil or become sources of contaminants 
in the wider environment. In high concentrations, such contaminants can pose a potential threat 
to human health through direct ingestion and indirectly by contaminants being taken up by plants 
and animals. Many pesticides are biologically active at extremely low doses, including those 
commonly used for agricultural, municipal, home and medical purposes, all of which can reach 
humans via a variety of different pathways (McKinlay et al. 2008a, McKinlay et al. 2008b). 
There have been a number of surveys of contaminants in soils in the UK, including the UK 
Environment Agency Soil and Herbage Survey. This is a survey of concentrations of metals, 
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arsenic, poly aromatic hydrocarbons (PAHS), polychlorinated biphenyls (PCBS) and polychlorinated 
dioxins and furans (dioxins) in UK soil from 122 rural, 28 urban and 50 industrial locations. Results 
of the survey show that metals and arsenic were higher in industrial sites than rural sites, and that 
there continues to be PCB sources in the environment, although concentrations have fallen 
dramatically since the mid-1970s. Concentrations of PAHS were highest in urban and industrial 
samples, with concentrations in these sites approximately 5-7 times higher than rural soils. 
Furthermore dioxins were found in urban and industrial sites at 2-3 times the concentrations in 
rural soils (Barraclough 2007a). The British Geological Survey G-BASE survey is a long running high 
resolution geochemical mapping project. This survey collects drainage samples along with soil and 
stream water samples. The soil samples are analysed for metals, metalloids, non-metals, and 
halogens as well as loss-on-ignition and pH. Sampling from the London Earth part of the survey 
also included analysis for PAHs, PCBS, and TPH (Knights et al. 2010).  
Such surveys have demonstrated that different land uses can accumulate contaminants in different 
ways with resulting variations in concentrations and contaminant profiles. Deposition rates of 
pollutants from air are affected by the aerodynamic roughness of the land cover (Fowler et al. 
1999). An example of this being the large leaf area and turbulent air movements that are created by 
trees, which results in woods, hedges and windbreaks being found to take up more pollutants from 
the air than shorter vegetation and other land uses (Fowler et al. 1989, Beckett et al. 2000). 
Deposition was found to be enhanced by vegetation in a study by Matzner (1984), where it was 
estimated that forest vegetation intercepted an additional 70 % to 500 % relative to PAH deposition 
in a control area without trees. A study by Van Brummelen et al (1996a) investigating forest soils 
near a blast furnace plant in the Netherlands found that PAHS accumulate in the humus layer of the 
soil and that PAHS of low molecular weight accumulate to a lesser extent  than those of high 
molecular weight. Howsam et al (2000) investigated the enrichment of forest soils in a detailed 
investigation of a woodland site and surrounding grassland. The study found significantly higher 
total PAH (∑PAH) concentrations in woodland soil compared to surrounding grassland, though no 
differences in the PAH profiles. 
Specific pesticides have been found to vary in concentration depending on land use, for example, 
DDT has been found in higher concentrations in arable land than woodland and grasslands in Hong 
Kong (Zhang et al. 2006). A study of chiral pesticides in background soils from different locations 
across the world found that there was no significant difference between the enantiomeric fractions 
between woodland and grasslands (Kurt-Karakus et al. 2005). There were, however, differences in 
profiles and degradation at a number of locations where grassland and woodland soils had been 
collected a few hundred metres apart (Kurt-Karakus et al. 2007).  
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A modelling exercise of the ability of forests to act as filters of airborne organic pollutants carried 
out by McLachlan et al. (1998) predicted that forests will have no filtering effect for Volatile 
Organic Compounds (VOCs) or hydrophilic contaminants. They, however, determined that forests 
would have a filtering effect for 5-7 ring PAHS and hydrophobic organic compounds including many 
contaminants of concern, such as CL4-6DD/FS, PCBS and chlorinated pesticides. 
Atmospheric deposition of metals were found to be enhanced in woodland soils compared to 
adjacent grassland  in new and archived samples from the natural woodland regeneration 
experiments at Rothamsted Experimental Station, UK (Blake et al. 2002). The woodland site was 
found to intercept 33% more nickel, 250% more cadmium, 259% more zinc and 98% more copper 
than the grassland site, reflecting the effect of the developing woodland canopy. Concentrations of 
lead were found to be more influenced by distance to a road than to canopy cover (Blake et al. 
2002). Further studies relating to metal concentrations in soils from different land uses generally 
relate to specific treatments (López-Mosquera et al. 2005), sources (Martin et al. 1982), and events 
(Gröngröft et al. 2005).  
It is well established that soil properties affect the abundance and biomass of earthworms 
(Edwards et al. 1996, Guild 1948), and that these properties include soil pH, organic matter content 
(Klok et al. 2007), soil moisture and soil temperature (Eggleton et al. 2009). There have been 
studies of earthworms reaction to a number of soil chemical parameters, these have predominately 
focused on metals, and in some cases specifically cadmium, copper, lead and zinc (Spurgeon et al. 
1996). 
This chapter addresses the sixth objective, to evaluate the patterns found in the OPAL Soil and 
Earthworm public survey data. The aim is to appraise the apparent patterns in earthworm 
abundance from the public survey to invetigate if they are recoverable by more organised, higher 
density sampling, and if so, what soil physical, climatic, and chemical factors are causing these 
patterns. It seeks to investigate the relationship between earthworm species, ecological groups, 
abundance and soil properties, and chemistry in the areas of apparent high and low earthworm 
abundance. It will test the hypothesis that there are differences in concentrations and profiles of 
organic, metal and metalloid contaminants in woodland soils and in the surrounding grassland. 
This chapter will report the results of a study whereby soil and earthworm samples were taken and 
from 48 pairs of woodland and grassland sites over four areas of England.  
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9.2 Sampling & Analysis Method 
Study Areas 
Study areas were focused on non-urban areas as defined in the 2001 census of England and Wales 
(Office for National Statistics 2001), to minimise variability in sampling habitats caused by urban 
influence, made ground and translocated soils. Areas were selected where there was a high density 
of surveys from the OPAL Soil and Earthworm survey (Figure 7.10). Four sampling areas were 
selected, two from areas identified from the prior investigation of public survey data to have high 
earthworm abundance and two identified as having low earthworm abundance. Each of the 
sampling areas covered a 25km x 20 km area, locations detailed in Figure 9.1.  
 
Figure 9.1 Location of the 4 study areas with labels and sample locations.  
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Within each of the study areas 24 sites were visited, 12 in broadleaf woodland habitats and 12 in 
grassland habitats. At each site a soil sampling protocol was followed that was in line with the 
British Geological Survey G-BASE sampling protocol (Knights et al. 2010, Johnson et al. 2005b, 
Fordyce et al. 2005), with additional sampling of earthworm fauna. The sampling protocol is 
included in Appendix B.  
Sampling was undertaken in the autumn 2010 (October and November), outside of the period 
(May to October) thought to relate to obligatory diapause in Earthworms (Evans et al. 1948). This 
period was also some time after the hot weather of the summer and before temperatures dropped 
during the winter, adverse conditions that could trigger quiescence or facultative diapause. The 
mean temperature for Central England during the sampling period is shown in Figure 9.2.  
 
Figure 9.2 Hadley Centre Mean Central England Temperature (HadCET) for Sampling 
Period (Hadley Centre et al. 2011).  
All sampling took place with two sampling personnel present; with one consistently present 
throughout the entire sampling period to ensure continuity in sampling and that the protocol is 
followed at all sites. A field vehicle was used to move between the sample sites, as it was necessary 
to use equipment and volumes of water for cleaning of equipment and earthworm collection, and 
soil samples were required to be refrigerated immediately after collection. All sites were accessed 
by foot to prevent the potential influence of the exhaust emissions from the field vehicle by aerial 
contamination. 
Sample locations were selected to give a good coverage of the study area with exact sites 
determined by availability of suitable and accessible woodland and grassland sites. Sites were 
selected using a 1:25000 scale Ordinance Survey map and reconnaissance. Verbal permission from 
the land owner or manager was sought before entering and sampling at any site. Exact sample 
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locations were selected in consultation with the site owner or managers. The preference being to 
take samples away from edges of woodlands, and avoiding obvious tracks (vehicular, human or 
animal). In woodland sites, preference was to sample where there was a good coverage of old 
broadleaf trees. Woodland was not sampled if it contained coniferous trees at a density of greater 
than around 5%. Where coniferous trees were present at a low density these were avoided, and 
sampling did not take place where the coniferous tree needles could be found in the leaf litter.  
The reason for avoiding coniferous woodland as sample sites, was due to the established research 
evidence to suggest that there appears to be a relationship between the distribution and 
abundance of earthworms and soil pH (Wherry 1924, Nordström et al. 1974, Bouché 1977). 
Coniferous woodlands appear to be inhospitable to earthworms. There are thought to be two 
reasons for this: firstly, the needles, which are very waxy and fragrant take a long time to 
decompose; and secondly the soil has a very high acid content due to the acid in conifer needles 
being released into the soil as they slowly decompose (Kaplan 1996). 
In grassland sites care was taken to sample away from field edges, fences (especially zinc coated 
barbed wire), and vehicular, human or animal tracks, manure/muck storage heaps, and livestock 
faeces. Where the site did not have a uniform height then the sample was taken on an area of 
higher ground.  
Earthworm Extraction 
A standardised area of soil surface (40cm x 40cm) was selected to sample for earthworms. In 
woodland sites leaf litter was carefully removed from this area and placed on a plastic liner. A steel 
spade was used to extract a standard size core (10cm deep), and soil was excavated onto a separate 
plastic liner. A vermifuge solution of 3 litres of mustard powder and water, at a concentration of > 
5 g l−1 (Butt 2000), was added to the exposed bottom of the pit and all earthworms emerging were 
collected and preserved in alcohol. Leaf litter and soil were hand sorted on trays, and all 
earthworms preserved in alcohol.  
Environmental Variables 
Environmental variables collected were the soil description, site physical properties, 
concentrations of poly aromatic hydrocarbons (PAHs), metals and metalloids, organochlorine and 
organophosphate pesticides, pH, total nitrogen and total organic carbon. The full set of 
environmental variables is detailed in Table 9.1. In addition, a number of qualitative observations 
were collected.  
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Table 9.1 Environmental variables collected in soil sampling of four areas of England 
Physical 
Properties 
Soil 
Chemistry 
Climatic Metals Poly Aromatic 
Hydrocarbons (PAHs) 
Organochlorine Pesticides Organophosphorous Pesticides 
Shear 
Strength 
Penetration 
Resistance 
Soil Moisture 
Infiltration 
Rate 
 
Topsoil pH 
Total Organic 
Carbon 
Total Nitrogen 
 
Average 
Air 
Temp 
1971-
2000  
 
Average 
Rain 
1971-
2000 
Arsenic  
Cadmium  
Chromium  
Copper 
Nickel  
Lead  
Zinc  
Mercury  
Vanadium 
Beryllium 
Water 
Soluble 
Boron  
Selenium 
Barium 
PAH Total USEPA 16 
Naphthalene  
Chrysene 
Benzo(b)fluoranthene  
Benzo(k)fluoranthene 
Benzo(a)pyrene  
Indeno(123cd)pyrene 
Dibenzo(ah)anthracene 
Benzo(ghi)perylene 
Acenaphthylene 
Acenaphthene  
Fluorene 
Phenanthrene 
Anthracene  
Fluoranthene 
Pyrene 
Benz(a)anthracene 
Aldrin 
alpha-Hexachlorocyclohexane 
(HCH/Lindane) 
beta-Hexachlorocyclohexane 
(HCH/Lindane) 
Dieldrin 
Endosulphan I 
Endosulphan II 
Endosulphan sulphate 
Endrin 
Ethion 
gamma-Hexachlorocyclohexane 
(HCH/Lindane) 
Heptachlor 
Heptachlor epoxide 
o,p-DDE 
o,p-DDT 
o,p-Methoxychlor 
o,p-TDE (DDD) 
p,p-DDE 
p,p-DDT 
p,p-Methoxychlor 
p,p-TDE (DDD) 
Azinphos-methyl 
Diazinon 
Dichlorvos 
Fenitrothion 
Malathion 
Methyl parathion 
Mevinphos 
Parathion 
Soil Sampling 
Sample collection involved using a steel spade to collect a core of material over the depth 0-10cm, 
corresponding to the depth of earthworm sampling from the same sampling site, and sampling by 
members of the public in the OPAL Soil and Earthworm Survey. Each sample was made up of a 
composite of material from the spade blade from four holes located at the corners of a square area 
of 1m x 1m, with earthworms collected in the centre of this area. 
The spade was cleaned prior to sampling using a metal wire brush and a spray bottle containing 
water to remove any visible material. Prior to sample collection the spade was inserted into the soil 
a number of times.  
Soil samples were sealed in a 250g amber glass jar and a 400g plastic tub, provided by ALcontrol 
laboratories Hawarden, Deeside, Flintshire, UK. Sample containers were filled completely with no 
headspace present, to minimise possible loss of volatile components. All samples were stored in a 
refrigeration unit in the field vehicle. Samples were sorted daily and labels checked prior to sample 
details being recorded on a Chain of Custody to accompany the samples to the laboratory.  
Samples were kept cool and transferred regularly, usually daily, to ALcontrol laboratories. Samples 
were transported in cool boxes with ice packs, by a specialist courier. 
Physical and Climatic Parameters 
The physical measurements of soil moisture, shear strength and penetration resistance were taken 
at each sampling site. Measurements were replicated 3 times at each site at different sides of the 1m 
x 1m sampling area, a mean of these values used for further analysis. 
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Soil moisture measurements were collected using a Delta-T SM300 Soil Moisture Sensor and HH2 
Moisture Sensor. The HH2 moisture meter applies power to the sensor and measures the output 
signal voltage returned. The meter converts the mV reading into soil moisture units using a 
linearisation table and soil specific parameters (mineral or organic soil) (Delta-T Devices 2005). 
The SM300 sensor was connected to the HH2 moisture meter , the sensor was pushed into the soil 
by hand until the rods were fully inserted and a good contact was made with the soil.  
Penetration resistance was measured using an ELE 29-3729 (CL-700A) pocket penetrometer, Figure 
9.3. The instrument gives the unconfined compression strength in Tons/FT2 or Kg/CM2. The tip of 
the penetrometer was inserted into the soil, holding the instrument at right angles to the surface 
being tested with the reading being taken from the lower side of the ring on the penetrometer 
barrel (ELE International c2010). 
 
Figure 9.3 ELE Pocket Penetrometer (ELE International c2010) 
The shear strength of the soils was measured using a Durham Geoslope Indicator TORVANE® hand-
held vane shear device, Figure 9.4. This is a hand-held vane shear device for rapid determination of 
shear strength in cohesive soils. The calibrated dial on the instrument converts torque directly into 
shear stress in kg/cm² with the maximum reading obtained on the dial being the shear strength. 
 
Figure 9.4 Durham Geoslope Indicator TORVANE® hand-held vane shear device 
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A measure of infiltration was determined using a GeoPacks single ring infiltrometer, this was a 
simple tube marked with a graduated line on one side and bevelled at one end to allow driving into 
the soil. This was driven into the soil surface to a depth of 40mm and the time taken for the 
infiltration of 1 litre of water was measured. It must be stated that this is not the standard measure 
of infiltration and therefore is presented as an indication of infiltration, as for the measurement 
taken in the OPAL Soil and Earthworm Survey. Usually soil infiltration is measured using a standard 
double-ring infiltrometer (American Society for Testing and Materials 1994), however the number 
of sites to be sampled in a constrained period would not allow for use of this method. 
Climatic properties included in this study were the air temperature and rainfall rates. These were 
derived from average values over the period 1971-2000 from the Met Office UK. The mean average 
air temperature 1971-2000 and mean average rain 1971-2000 datasets, are annual long-term average 
data sets produced for each station in the Met Office's observing network and for a rectangular 
grid of points covering the UK at a horizontal spacing of 1 km (Perry et al. 2005). ArcGIS was used to 
extract values for each of the sampling sites from the 1km grids giving the mean average daily 
rainfall in mm and temperature in °c.  
Soil Chemical Analysis 
Analytical services were provided by ALcontrol Laboratories. This laboratory was chosen after a 
tendering process involving a number of laboratories. ALcontrol was chosen based on their 
provision of certified analysis, cost, ability to work with field workers effectively and online 
management of sample container delivery, sample pickup and delivery of results.  
Soil samples were analysed for total organic carbon, total nitrogen and pH and three suites of 
analytes (Table 9.2):  
• The CLEA Metals Suite: 13 metals and metalloids relevant to the UK Environment 
Agency Contaminated Land Exposure Assessment Model (CLEA) (Environment 
Agency 2009a);  
• Polycyclic Aromatic Hydrocarbons (PAH) by GC-MS: 16 PAH’s classified by the US 
EPA as priority-pollutants based on toxicity, potential for human exposure, 
frequency of occurrence at hazardous waste sites, and the extent of information 
available (Office of the Federal Registration (OFR) 1982).  
• Combined Pesticide Suite by GC-MS: 20 Organochlorine and Organophosphorus 
pesticides by GC-MS 
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Table 9.2 List of chemicals tested for in soil samples 
PAH by GCMS CLEA Metals Combined Pesticide Suite Other 
Acenaphthene  Boron Aldrin Total Organic Carbon 
Acenaphthylene  Arsenic  alpha-Hexachlorocyclohexane (HCH / Lindane) Total Nitrogen 
Anthracene  Barium  beta-Hexachlorocyclohexane (HCH / Lindane) pH 
Benz(a)anthracene  Beryllium  Dieldrin  
Benzo(a)pyrene  Cadmium  Endosulphan I  
Benzo(b)fluoranthene  Chromium  Endosulphan II  
Benzo(g,h,i)perylene  Copper  Endosulphan sulphate  
Benzo(k)fluoranthene  Lead  Endrin  
Chrysene Mercury  Ethion  
Dibenzo(a,h)anthracene  Nickel  gamma-Hexachlorocyclohexane (HCH / Lindane)  
Fluoranthene  Selenium  Heptachlor  
Fluorene Vanadium  Heptachlor epoxide  
Indeno(1,2,3-cd)pyrene Zinc o,p-DDE  
Naphthalene  o,p-DDT  
PAH Total USEPA 16   o,p-Methoxychlor  
Phenanthrene   o,p-TDE (DDD)  
Pyrene  p,p-DDE  
Acenaphthene-d10 %  p,p-DDT  
Chrysene-d12 % recovery  p,p-Methoxychlor  
Naphthalene-d8 % recovery**   p,p-TDE (DDD)  
Perylene-d12 % recovery**     
Phenanthrene-d10 % recovery**     
Polycyclic aromatic hydrocarbons (PAHs) 
The poly aromatic hydrocarbon chemical group, (also known as polycyclic aromatic hydrocarbons, 
or polynuclear hydrocarbons) are a large group of compounds composed of two or more fused 
aromatic rings. They are classified as persistent organic pollutants (POPs) (Barraclough 2007b). The 
term PAH refers to a group of several hundred chemically-related environmentally persistent 
organic compounds of various structures and varied toxicity. PAHs entering the environment can 
be generated by three main processes: (1) combustion of organic matter at a very high temperature; 
(2) release of petroleum; or (3) diagenetic processes (Neff 1979, Du et al. 2010). They may be 
formed during a range of human activities which includes the incomplete burning of coal, oil, gas, 
wood, waste, or other organic substances and other industrial processes. They generally occur as 
complex mixtures, not as single compounds. PAHs are usually produced naturally, but they can be 
manufactured as individual compounds for research purposes; however, not as the mixtures found 
in combustion products. They are contained in oil, coal and tar deposits and may also be formed in 
the environment by natural processes (such as volcanic eruptions and forest fires). They are found 
throughout the environment in the air, water, and soil, with petroleum sources playing an 
important role in accumulation in soils (Du et al. 2010). They can occur in the air, either attached 
to dust particles or as solids in soil or sediment (Agency for Toxic Substances and Disease Registry 
(ATSDR) 2005). 
Different types of combustion yield different profiles of PAHs, with those produced from coal 
burning differing from those produced by motor-fuel combustion, which also differ from those 
produced by forest fires. Some PAHs occur within crude oil, arising from chemical conversion of 
natural product molecules. They can be summarised into three distinct groups: Phytogenic - 
hydrocarbon compounds derived from plants; Petrogenic- hydrocarbon compounds associated 
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with petroleum; and Pyrogenic - hydrocarbon compounds associated with the combustion of 
petroleum, wood, coal etc including creosote, coal tar. A large proportion of high molecular weight 
PAHs is a typical characteristic of a combustion origin (pyrogenic), while the enrichment of low 
molecular weight PAHs (parent and alkylated) is common in fresh fuels (petrogenic) (Hwang et al. 
2003, Budzinski et al. 1997, Masclet et al. 1987).  
Due to their toxicity, concentrations of PAHs are controlled in many countries. In the UK, the PAHs 
Benzo(b)fluoranthene, Benzo(g,h,i)perylene, Benzo(k)fluoranthene and Indeno(1,2,3-cd)pyrene are 
considered to be Priority Hazardous Substances under the Water Framework Directive (EC 2008a). 
The US EPA has classified 16 PAHs as priority-pollutants based on their toxicity, potential 
for human exposure, frequency of occurrence at hazardous waste sites, and the extent of 
information available (Office of the Federal Registration (OFR) 1982, Agency for Toxic Substances 
and Disease Registry (ATSDR) 2005). The 16 US EPA Priority Pollutant PAHs are however almost 
always inadequate for definitive fingerprinting and further analysis including biomarkers is often 
required (Jones Environmental Forensics 2008). The 16 priority PAHS are often targeted for 
measurement in environmental samples, and are the analytes included in the US EPA 16 PAH suite in 
this study, Figure 9.5. 
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Figure 9.5 US EPA 16 Priority Pollutant PAHs. Chemical Structure from SciFinder 
(American Chemical Society 2011) 
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Metals 
Heavy metal is a term applied to a large group of trace elements, which are both industrially and 
biologically important. Some debate exists as to exactly what constitutes a heavy metal and which 
elements should properly be classified as such (Alloway 1994). It is often used as a group name for 
metals and metalloids that have been associated with contamination and potential toxicity or 
ecotoxicity (Duffus 2002). The metals which give rise to the greatest amount of concern with 
regard to human health, agriculture and ecotoxicology are arsenic, cadmium, mercury, lead, 
titanium and uranium. Conversely, in many parts of the world diets can be limited by deficiencies 
of essential trace elements such as vanadium, chromium, manganese, iron, cobalt, nickel, copper, 
and zinc (Alloway 1994, Phoon et al. 2012).  
The US Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) 
requires that a list of substances is prepared that are most commonly found at facilities on the 
National Priorities List (NPL). These are determined to pose the most significant potential threat to 
human health due to their known or suspected toxicity and potential for human exposure at these 
NPL sites. The most recent (2011) CERCLA Priority List of Hazardous Substances contains the metals 
arsenic (1), lead (2), mercury (3), and cadmium (7) (ATSDR 2011).  
The UK Environment Agency Contaminated Land Exposure Assessment (CLEA) model uses generic 
assumptions about the fate and transport of chemicals in the environment, and generic conceptual 
exposure models to estimate exposures to soil contaminants for those living, working and/or 
playing on contaminated sites over long time periods. The CLEA model is used to produce soil 
guideline values (SGV) by comparing the estimated exposure with health criteria values (HCV) that 
represent tolerable or minimal risk to health from chronic exposure (Environment Agency. 2009). 
The CLEA Metals Suite is a set of analysis for metals related to the CLEA model. This suite includes 
thirteen metals and metalloids that can be classified as transition metals, other metals or 
metalloids, Table 9.3. Most of the elements in the CLEA metals suite are potentially toxic to 
humans, wildlife or the environment. 
Table 9.3 Metals and metalloids included in the CLEA metals suite 
Classification Element 
Transition metals Cadmium (Cd); Chromium(Cr); Copper (Cu); Mercury(Hg); Nickel 
(Ni); Vanadium (V); Zinc(Zn) 
Other metals Lead(Pb); Barium (Ba); Beryllium (Be) 
Metalloids Arsenic (As); Boron (B); Selenium (Se) 
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Metal contaminants are known to distribute preferentially to silts and clays because of their 
favourable sorption characteristics and higher relative surface area (Alloway 1994, Environment 
Agency. 2009). Once added to soil most metals are strongly retained and losses through erosion 
and leaching are typically small. The metal concentration in soil is therefore approximately the 
sum of all previous additions plus that derived from the parent rock (Barraclough 2007c). 
Pesticides 
Pesticide is a broad term which covers a range of active substances and products that are used in 
preventing, destroying, repelling, or mitigating any pest. They are often mistakenly referred only to 
insecticides, however, the term pesticide also applies to herbicides, fungicides, and various other 
substances used to control pests. They can be synthetic chemicals or natural substances and vary 
in their use, properties and potential impact on the environment (US EPA 2011a). They can be used 
in agriculture or to control the growth of plants on non-agricultural surfaces (plant protection 
products), or for other purposes (biocidal products) (EC 2007). Pesticides can cause harm to 
humans, animals, or the environment because by their nature they are designed to kill or 
otherwise adversely affect living organisms (US EPA 2011a). 
Pesticides are divided into classes including organophosphate pesticides, carbamate pesticides, 
organochlorine insecticides, and pyrethroid pesticides (US EPA 2011d). Of these, two of the most 
important classes are organochlorine and organophosphorous compounds (Singh et al. 2011). 
Organochlorine (chlorinated hydrocarbon) pesticides are an older class of pesticides which are 
effective against a variety of insects. They were introduced in the 1940s, and many of their uses 
have since been cancelled or restricted because of their environmental persistence and potential 
adverse effects on wildlife and human health (Centers for Disease Control and Prevention 2009). 
Global transport of organochlorine pesticides with contamination of wildlife food sources, suggests 
that these agents are still toxicologically important (Ecobichon 2001). Organophosphate 
insecticides were developed to overcome the problems of persistence and replace organochlorine 
insecticides as they breakdown in the environment much more quickly. They were developed 
during the early 19th century however their effects on insects, which are similar to their effects on 
humans, were only understood in the 1930s . Some are very poisonous to humans; however they 
usually are not persistent in the environment and have less of an ecological impact due to their 
rapid breakdown after application (US EPA 2011d).  
The organochlorine insecticides are a diverse group of agents belonging to three major chemical 
classes including the dichlorodiphenylethane, chlorinated cyclodiene and chlorinated benzene and 
cyclohexane related structures. All of these are organic compounds with chlorine (Cl) atoms 
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attached to the ring structures. The Cl atoms prevent the organic compounds from being rapidly 
degraded in the environment. The pesticides analysed for in this study and their structure, 
grouped by their chemical class are detailed in Figure 9.6 and Figure 9.7.  
    
Azinphos-methyl Dichlorvos Malathion Mevinphos 
    
Diazinon Fenitrothion Methyl parathion Parathion 
 
   
Ethion    
Figure 9.6 Structural classification of Organophosphorus Pesticides.  Chemical Structure 
from SciFinder (American Chemical Society 2011) 
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Figure 9.7 Structural classification of Organochlorine Pesticides. Chemical Structure from 
SciFinder (American Chemical Society 2011) 
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Analytical Procedures 
The following summaries of the analytical procedures are as provided by ALcontrol Laboratories, 
full copies of the method statements are included in Appendix C, Table 9.4 details the method 
statement reference and description.  
Table 9.4 Laboratory method statement reference and description as provided by 
ALcontrol Laboratories. 
Analyte Method 
Statement 
Reference 
Analysis Description Reference 
pH TM133 Determination of pH in Soil and Sludges 
using the GLpH pH Meter 
BS 1377: Part 3 1990 (BSI 1990); BS 
6068-2.5 (BSI 1995) 
Total 
Organic 
Carbon 
TM132 Determination of Total Carbon, Total 
Organic Carbon and Total Sulphur by 
ELTRA- 
In - house Method- ELTRA CS800 
Operators Guide (ELTRA 2004) 
Total 
Nitrogen 
ACP001 Protein by Dumas Nitrogen -Food Subcontracted Test 
PAH TM218 Determination of PAH in soil samples by 
microwave extraction and GC-MS 
Microwave extraction – US EPA 
method 3546 (US EPA 2007) 
Metals TM181 Determination of Routine Metals in Soil by 
iCap 6500 Duo ICP-OES 
US EPA Method 6010B (US EPA) 
Water 
Soluble 
Boron 
TM222 Determination of Hot Water Soluble Boron 
in Soils (10:1 Water:Soil) by IRIS Emission 
Spectrometer 
In-House Method 
Pesticides TM073 Determination of Organochlorine and 
Organophosphorus Pesticides and Triazine 
Herbicides in soils by GCMS 
MEWAM BOOK 60 1980,95 1985, 
HMSO / 
(HMSO 1980, HMSO 1985) 
Modified: US EPA Method 8081A 
(US EPA 1996a) & 8141A (US EPA 
1994) 
Soil pH was determined using a Sirius GLpH meter on 10g soil in 25ml water.  Total Organic 
Carbon (TOC) was determined using solid state infrared absorption using an ELTRA CS800 carbon / 
sulphur determinator, following preparation by washing with hydrochloric acid and water and 
oven drying. Total nitrogen was determined using the Dumas principle, involving oxidation of a 
sample followed by reduction of the oxides of nitrogen to elemental nitrogen, which is then 
measured using a thermal conductivity cell. Arsenic, cadmium, chromium, copper, lead, 
manganese, mercury, nickel, platinum, tin, titanium, vanadium and zinc were extracted by mixed 
acid digest and analysis by iCap 6500 Duo ICP-OES. Water soluble boron was extracted with hot 
water (10:1 water: soil) and analysed using a Thermo Jarrell Ash IRIS Advantage Emission 
Spectrometer with Burgener nebuliser.  
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Polycyclic aromatic hydrocarbons were extracted in 50:45:5%v/v hexane: acetone: triethylamine 
using the CEM Microwave Accelerated Reaction System (MARS). The sample components were 
separated and detected using an Agilent Gas Chromatograph Mass Selective Detector (GC-MSD). 
Compound identification was performed by Selective Ion Monitoring (SIM) and quantification of 
the components carried out by means of the Internal Standard (IS) calibration technique. 
Organochlorine and organophosphorus pesticides were extracted by a Soxtherm using a 
hexane/acetone mix, then concentrated before a clean up by solid phase extraction.  A known 
volume of sample extract was injected into a gas chromatograph and analysed by a temperature 
programmed capillary chromatography (Agilent 6890 Gas Chromatograph) and Agilent 5973 Mass 
Selective Detector. Identification was performed using Selective Ion Monitoring (SIM) and 
quantification of the components carried out by means of the Internal Standard Technique. 
Quality Assurance 
Soil samples transferred to ALcontrol laboratories were accompanied by a chain of custody 
containing details of the samples and analysis required, this was transcribed into a test schedule, 
which was confirmed before going ahead with analysis to ensure that sample references and 
required analysis were correctly transcribed.  
The laboratory analysis is accredited to ISO17025, the general requirements for the competence of 
testing and calibration laboratories, to UKAS and the Environment Agency mCERTS monitoring 
certification scheme, depending on the analysis undertaken. When this is the case then it will have 
associated QA/QC requirements. Soil pH, boron, arsenic, beryllium, cadmium, chromium, copper, 
lead, mercury, nickel, zinc and PAHs are mCERTS accredited. Total organic carbon, barium, 
selenium, and vanadium are ISO17025 accredited. Total nitrogen analysis is UKAS accredited.  
For soil pH measurement the meter was calibrated using a range of buffer solutions before the 
samples were run, and quality control samples were run every 20 samples. For PAH analysis a 
surrogate solution containing five deuterated PAHs was added to the samples prior to extraction 
and used to monitor the efficiency of the extraction procedure. Recoveries ranged from 70.7% for 
chrysene to 120% for naphthalene.  
 149 
Statistical Methods 
Earthworm Abundance Statistical Analysis 
ArcGIS (V10.0) was used to plot the spatial distribution of earthworm abundance. The earthworm 
abundance dataset was tested for fit to normal distribution using the One Sample Kolmogorov-
Smirnov test (K-S test) which compares the observed distribution to the theoretical cumulative 
distribution for a normally distributed population. It has a null hypothesis that the distribution has 
a standard normal distribution (MathWorks 2011).  
A number of statistical methods were used to investigate the earthworm abundance. As earthworm 
abundance in this study do not follow normal distributions, the median value has been used to 
summarise data and non-parametric statistical methods have been used where applicable.  
The Kruskal-Wallis test was used to test the equality of population medians of earthworm 
abundance among groups (Kruskal et al. 1952), testing the null hypothesis that all samples are from 
the same population. It is a nonparametric equivalent of the one-way analysis of variance.  Data are 
replaced by their ranks without regard to the grouping, and the test is based on the between group 
sum of squares calculated from the average ranks (Dalgaard 2008).  
The Wilcoxon rank-sum test is used to test the equality of population medians of earthworm 
abundance between two groups (Wilcoxon 1945), with the null hypothesis that there is no 
difference in the two population distributions (Antonisamy et al. 2010). This non-parametric test is 
also based on replacing the data by their rank without regard to grouping but calculating the sum 
or the ranks in one group (Dalgaard 2008).  
Statistical dependence between two variables has been investigated using Spearman's rank 
correlation coefficient (Spearman 1904), testing whether two quantitative variables are dependent. 
Spearman’s rank is a non-parametric test used to explore associations in complex non-linear data 
sets; it is less sensitive to outliers than parametric methods, and will not fail if the sample size is 
too small to establish a non-linear relationship (Borradaile 2003). In this work it has been used to 
investigate the relationship between earthworm abundance and the sampling sites location in 
relation to their northerly/southerly (northings) and easterly/westerly position (eastings). 
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Chemical Concentration Statistical Analysis 
Statistical analyses were performed assuming that samples at or below the limit of detection (LOD) 
are equal to the LOD. Due to the presence of extreme values in the concentration of analytes in 
some soil samples the median value is reported. Statistical methods for interpreting geochemical 
data will give misleading results if they rely on the assumption of normality (McGrath et al. 1992). 
For this reason comparisons between concentrations were made using Kruskal Wallis or Wilcoxon 
rank sum tests as appropriate using MATLAB 7.11.0. A significance level of α = 0.05 has been used 
throughout.  
Comparisons have been made of the contaminant concentration found in this study with the 
ambient background soil concentration from the UK SHS, and relevant UK Environment Soil 
Guideline Values (Environment Agency 2009c). Where SGVs do not exist the Land Quality 
Management and Chartered Institute of Environmental Health Generic Assessment Criteria for 
Human Health Risk Assessment (LQM/CIEH GAC) have been used, using the most conservative value 
available (LQM et al. 2009). For benzo(a)pyrene, copper, nickel, zinc, cadmium, chromium, 
mercury and lead generic soil screening values (SSV) are available which inform the ecological risk 
assessment process. The SSV values assess the potential ecotoxicological risk, and are the first step 
in the broader ecological risk assessment process. The Environment Agency Soil Screening Values 
Decision Tool (Pilot Version 14) uses the concentration at the site to calculate a predicted 
environmental concentration (PEC). The SSV Decision tool then obtains a relevant effect 
concentration, from soil ecotoxicity studies, and uses this to calculate a predicted no-effect 
concentration (PNEC) for the assessment. A comparison is then made between a concentration at 
the site of interest (PEC) and an effect concentration (PNEC). The ratio of these two values 
(PEC/PNEC) gives a Risk Quotient (RQ). An RQ value of >1 suggests there are potential risks and 
therefore a move to the next tier in the Ecological Risk Assessment is required, these sites where 
this is the case are highlighted (Environment Agency 2010).  
Though definitive PAH forensic investigations would need to go beyond use of ratios of the 16 
priority PAHs, it has been used in this work as an indicator of the contaminant source. Parent PAH 
ratios widely used as tracers of PAH emission sources include anthracene/phenanthrene (ANT/PHE), 
fluoranthene/pyrene (FLT/PYR), benz[a]anthracene/chrysene (BaA/CHR), indeno(l,2,3-cd)-
pyrene/benzo(g,h,i)perylene (IPY/BPE), and benzo[a]-pyrene/benzo(g,h,i)perylene (BaP/BPE) 
(Yunker et al. 2002, Pandey et al. 1999, Bucheli et al. 2004). To account for altered characteristic 
PAH ratios between emission and soil, rectiﬁcation factors as deﬁned by Zhang et al. (2005) can be 
applied, as these ratios can be altered significantly due to differences in the transport of the PAH 
compounds in a multimedia environment. These ratios have been described as giving implausible 
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results outside the investigated region (Tianjin region, China) and should not be applied without 
caution to other regions (Brändli et al. 2008). The ratios have been used to indicate the source of 
the contamination using the indicative ratio values in Table 9.5, and Table 9.6. 
Table 9.5 PAH ratios for source diagnosis (Bucheli et al. 2004) 
Compound Ratio Compound Ratio Value Range Indicative of 
ANT/(ANT&PHE)  <0.1 Petroleum/petrogenic source 
 >0.1 Combustion 
FLT/(FLT&PYR)  <0.4 Petroleum/petrogenic 
 0.4–0.5 Gasoline, diesel and crude oil combustion 
car and diesel trucks 
 >0.5 Grass, coal and wood combustion 
BaA/(BaA&CHR) <0.2 Petroleum/petrogenic source 
 0.20–0.35 Petroleum/petrogenic source or 
combustion 
 >0.35 Combustion 
IPY/(IPY&BPE) <0.20 Petroleum/petrogenic source 
 0.2–0.5 Liquid fossil fuel (vehicle and crude oil) 
combustion 
 >0.5 Grass, wood and coal combustion 
BaP/BPE  <0.6 Non-traffic sources 
 >0.6 Traffic sources 
PHE: phenanthrene, ANT: anthracene, FLT: fluoranthene, PYR: pyrene, BaA: benzo[a]anthracene, 
CHR: chrysene, BaP: benzo[a]pyrene, IPY: indeno[1,2,3-cd]pyrene, BPE: benzo[ghi]perylene. 
Table 9.6 Characteristic ratios for petrogenic and pyrogenic emissions 
Compound Ratio Petrogenic Pyrogenic 
ANT/(ANT&PHE) <0.1 >0.1 
BaA/(BaA&CHR) <0.2 >0.35 
FLT/(FLT&PYR) <0.4 >0.4 
IPY/(IPY&BPE) <0.2 >0.2 
Earthworm and Soil Property Interaction 
Statistical dependence between two variables has been tested using Spearman's rank correlation 
coefficient (Spearman 1904).  
Ordination is a collective term for multivariate techniques that adapt a multidimensional swarm of 
data points in such a way that when it is projected onto a two-dimensional space any intrinsic 
pattern the data may possess becomes apparent upon visual inspection (Pielou 1984). It is an 
arrangement of units in a uni- or multi-dimensional order as opposed to a classification in which 
units are arranged in discrete classes (Goodall 1954). Ordination is a widely-used family of methods 
which attempts to reveal relationships between ecological communities. These techniques are 
generally used to describe the relationships between species composition patterns and the 
underlying environmental gradients that influence these patterns. Canonical community 
ordination comprises a collection of methods that relate species assemblages to their environment, 
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in both observational studies and designed experiments, it differs from ordination in that species 
and environment data are analysed simultaneously (ter Braak 1994). Canoco (v4.5) integrates 
ordination with regression and permutation methodology, so as to allow sound statistical 
modelling of ecological data. It has been used to carry out ordination investigation on the datasets, 
with the purpose of investigating how earthworm species respond to environmental gradients 
(Clark 2005). 
Methods of ordination can be divided in two main groups, direct and indirect methods. Direct 
methods use species and environment data in a single, integrated analysis while indirect methods 
use the species data only. The goal of indirect methods is to describe the structure of the data; 
latent factors responsible for that structure are only inferred. Direct methods are an extension of 
unconstrained ordination in which the solution is constrained to be expressed by ancillary 
variables (Wan 2008). Both indirect and direct groups of methods can be further subdivided on the 
basis of the underlying model they use for the species responses along environmental gradients, 
i.e. the relationship between the abundance of species as a function of position along a gradient 
(unimodal or linear) (ter Braak 1994). The appropriate response model to use can be determined 
by examining the results from a weighted-average ordination method with detrending (Detrended 
Correspondence Analysis for indirect gradient analysis or Detrended Canonical Correspondence 
Analysis for direct gradient analysis). The two methods perform a rescaling of ordination axes, so 
that the spacing of sample (and species) scores along the axes are scaled in units of beta diversity 
and the length of gradient measures the beta diversity in community composition, or extent of 
species turnover, along the individual independent gradients (Lepš et al. 2003).  
In Canoco the term species is used for variables to be explained (response variables) and the term 
environmental variables is used for explanatory variables (predictors). Variables in a data set are to 
be explained by the ordination axes with 'environment data', which can be used to help interpret 
the ordination axes or to define them (indirect vs direct gradients). The ordination can be adjusted 
for effects of 'covariable data' (concomitant or nuisance variables) (ter Braak et al. 2002).  
Species data was transformed using a logarithmic transformation as skewed distributions among 
the species variables can bias the ordinations.  Environmental (physical and chemical) and species-
sample relationships were analysed using Redundancy Analysis (RDA) and Canonical 
Correspondence Analysis (CCA) (Canoco 4.5)—the constrained multivariate linear response 
methods, chosen dependent on the beta diversity in the community composition (ter Braak et al. 
1995, ter Braak et al. 1998). The RDA was used to investigate the effect of each of the environmental 
variables on ecological group composition, and the CCA was used to investigate the effect on 
species composition. 
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Initially all of the environmental variables were included in the ordination (RDA or CCA), and their 
significance tested using Monte-Carlo permutation tests. For these tests, CANOCO used a forward 
selection procedure analogous to forward stepwise multiple regression to assess the significance 
and strength of each environmental variable within the ordination. The first variable selected by 
CANOCO is the variable with the highest marginal eigenvalue (i.e. its explanatory fit to the species 
and site data if added as the only environmental variable in the analysis). Subsequently, 
environmental variables were entered one at a time in order of the magnitude of their conditional 
eigenvalues (i.e. additional fit after adding previous variables), until none of the remaining values 
explained significant variation in species composition. Significance at each step was tested by a 
Monte-Carlo permutation test with 999 random permutations under the null model of no effect: if 
the observed multivariate partial F-ratio was within the top 5% of the F-ratios for randomly-
generated data-sets, then the null hypothesis is rejected at the P=5% level (ter Braak et al. 2002). In 
subsequent analyses only those environmental variables with conditional statistical significance in 
the ordination method were included (Eggleton et al. 2002).  
Ordination plots were created using CanoDraw (v4.1), which was used to create bi-plots of species 
environmental variables and tri-plots of samples, species and environmental variables. 
Relationships between environmental variables and earthworm ecological groups and species were 
investigated further using XY attribute plots in CanoDraw which are used to check how far the data 
analysed with an ordination method fulfil the assumptions of the underlying model. For these 
diagrams displaying values of variables across the ordination space the fit of a statistical model to 
the data as contour plots was also plotted, using a generalised linear model (GLM). Generalised 
linear models (GLM) represent an extension of the traditional linear regression model, 
accommodating for various distributional properties of the response variable (Lepš et al. 1999) 
. A poisson distribution for the response variable was defined, with a log implied link function as 
the response variable was a count of organisms with no strictly set upper bound (ter Braak et al. 
2002). The complexity of the fitted regression model was selected using a stepwise selection 
procedure. In this procedure, F statistics are calculated using classical stepwise model selection 
starting from a null model where no predictors are used and so the expected response model is 
assumed to be constant. The quality of the model was then compared with the next more 
complicated model, with a model with linear terms for the predictor (ter Braak et al. 2002).  
Since a large number of environmental variables have been measured and included in the analysis, 
there is a probability of a type 1 error becoming larger than the value of α. Due to the number of 
comparisons that are being made, with no correction, the chance of finding one or more significant 
differences in 39 tests is 86.47%. To account for this a Hochberg correction is applied to adjust P-
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values for multiple comparisons, for a number of tests (Hochberg 1988). While the Hochberg test is 
considered not as conservative as other multiple test corrections, it is still possible that correct 
results will be rejected due to the number of comparisons made. 
9.3  Results 
9.3.1 Earthworm Abundance 
Plots showing the earthworm abundance in the four study areas show the geographical variation 
both within and between study areas. Anselin Local Moran’s I identified a number of sites with 
high or low abundance are statistically significantly spatially clustered (α=0.05), and sites with 
abundance values that are very different from surrounding feature values, these are detailed for 
each of the study areas in Figure 9.8 – Figure 9.11. 
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Figure 9.8 Plot showing earthworm abundance in C1 study area. Symbol colour relates to earthworm abundance in figure legend. Woodland sites are 
represented by circles and grassland sites by diamonds. Sites are labelled with earthworm abundance, grassland sites in black type above the site, and 
woodland sites in red type below the site. Clusters and Outliers are labelled with initials: HH - a statistically significant (0.05 level) cluster of high values; 
LL - a statistically significant (0.05 level) cluster of low values; HL- high value surrounded by features with low values or LH - low value surrounded by 
features with high values. Where a sample has no label then it is not a significant cluster or outlier. 
HL 
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Figure 9.9 Plot showing earthworm abundance in C2 study area. Symbol colour relates to earthworm abundance in figure legend. Woodland sites are 
represented by circles and grassland sites by diamonds. Sites are labelled with earthworm abundance, grassland sites in black type above the site, and 
woodland sites in red type below the site.  Clusters and Outliers are labelled with initials: HH - a statistically significant (0.05 level) cluster of high values; 
LL - a statistically significant (0.05 level) cluster of low values; HL- high value surrounded by features with low values or LH - low value surrounded by 
features with high values. Where a sample has no label then it is not a significant cluster or outlier. 
HH 
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Figure 9.10 Plot showing earthworm abundance in H1 study area. Symbol colour relates to earthworm abundance in figure legend. Woodland sites are 
represented by circles and grassland sites by diamonds. Sites are labelled with earthworm abundance, grassland sites in black type above the site, and 
woodland sites in red type below the site.  Clusters and Outliers are labelled with initials: HH - a statistically significant (0.05 level) cluster of high values; 
LL - a statistically significant (0.05 level) cluster of low values; HL- high value surrounded by features with low values or LH - low value surrounded by 
features with high values. Where a sample has no label then it is not a significant cluster or outlier. 
HH 
HH 
HL 
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Figure 9.11 Plot showing earthworm abundance in H2 study area. Symbol colour relates to earthworm abundance in figure legend. Woodland sites are 
represented by circles and grassland sites by diamonds. Sites are labelled with earthworm abundance, grassland sites in black type above the site, and 
woodland sites in red type below the site. Clusters and Outliers are labelled with initials: HH - a statistically significant (0.05 level) cluster of high values; 
LL - a statistically significant (0.05 level) cluster of low values; HL- high value surrounded by features with low values or LH - low value surrounded by 
features with high values. Where a sample has no label then it is not a significant cluster or outlier.
HL 
HH 
HH 
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The One-sample Kolmogorov-Smirnov test rejected the null hypothesis that the earthworm 
abundance dataset distribution has a standard normal distribution with woodland and grassland 
combined (p <0.001, ksstat = 0.8632), and separately for woodland (p <0.001, ksstat = 0.7487), and 
grassland (p <0.001, ksstat = 0.9792), Figure 9.12.  
 
Figure 9.12 Frequency histogram of earthworm abundance with a superimposed fitted 
normal distribution for grassland (left) and woodland (right). 
There was no significant difference in the earthworm abundance across the study areas with both 
habitats combined (Kruskal-Wallis H=1.4, p= 0.71, d.f.=3). Individual tests also show no differences 
between abundances in the study areas (Wilcoxon ranksum p values 0.3268 - 0.8366), Figure 9.13. 
 
Figure 9.13 Boxplot of earthworm abundance in the 4 study areas. On each box, the central 
mark is the median, the edges of the box are the 25th and 75th percentiles, the whiskers 
extend to the most extreme data points not considered outliers, outliers are plotted 
individually. 
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Grassland sites did have significantly higher earthworm abundance than woodland sites across all 
study areas (Wilcoxon ranksum p< 0.001), Figure 9.14. 
 
Figure 9.14 Boxplot of earthworm abundance in grassland and woodland sites. On each 
box, the central mark is the median, the edges of the box are the 25th and 75th percentiles, 
the whiskers extend to the most extreme data points not considered outliers, and outliers 
are plotted individually. 
There was no significant difference in the earthworm abundance across the study areas in 
grassland habitats (Kruskal-Wallis H=1.74, p= 0.63, d.f.=3). Individual tests also show no 
differences between abundances in the study areas for grasslands (Wilcoxon ranksum p values 
0.2364 - 0.7949), Figure 9.15.  
 
Figure 9.15 Boxplot of earthworm abundance in Grassland sites. On each box, the central 
mark is the median, the edges of the box are the 25th and 75th percentiles, the whiskers 
extend to the most extreme data points not considered outliers, and outliers are plotted 
individually.  
 161 
There were, however, differences in earthworm abundances in the different study areas for samples 
taken in woodland habitats (Kruskal-Wallis H=13.5, p<0.01, d.f.=3). Individual tests showed 
woodland abundances were significantly different (Wilcoxon ranksum p values 0.001 - 0.044) for 
all but between C1 and H1 (p = 0.40), and H1 and H2 (p= 0.45); Figure 9.16, Table 9.7. 
 
Figure 9.16 Boxplot earthworm abundance in Woodland sites. On each box, the central 
mark is the median, the edges of the box are the 25th and 75th percentiles, the whiskers 
extend to the most extreme data points not considered outliers, and outliers are plotted 
individually. 
There was no significant difference in the earthworm species richness (α diversity) in grasslands 
over the 4 areas (Kruskal-Wallis H= 6.07, p= 0.11, d.f.=3), however differences were found between 
species richness in woodland habitats (Kruskal-Wallis H= 9.07, p= 0.028, d.f. =3), Figure 9.17, Table 
9.7. This was confirmed by individual tests, one significant difference was found between species 
found in the different areas for grasslands (C1 & C2 Wilcoxon ranksum p value <0.001), but in 
woodland habitats species numbers were significantly different for C2 and H1 (Wilcoxon ranksum 
p value = 0.0155) and C2 and H2 (Wilcoxon ranksum p value = 0.0108). 
Table 9.7 Descriptive Earthworm Statistics 
 Total (Adult & Immature) Total Adults % Adult Median Total Median Adults Median Species 
Grassland 2986 1505 50.40% 61.5 30 5 
Woodland 689 344 49.93% 7.5 4.5 2 
C1 846 378 44.68% 23 9.5 4 
C2 880 463 52.61% 23.5 9 3.5 
H1 910 484 53.19% 39 17.5 4 
H2 1039 499 48.03% 41 17 3.5 
C1 Grassland 716 308 43.02% 61.5 28.5 5 
C1 Wood 130 70 53.85% 7 5 1.5 
C2 Grassland 840 439 52.26% 73 43.5 5.5 
C2 Wood 40 24 60.00% 1.5 0.5 0.5 
H1 Grassland 674 357 52.97% 49 28.5 4.5 
H1 Wood 278 127 45.68% 11 6 3 
H2 Grassland 756 401 53.04% 52.5 30 5.5 
H2 Wood 283 123 43.46% 17.5 7 2 
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Figure 9.17 Boxplot of earthworm species over four areas, for woodlands and grasslands. 
There was no significant relationship between earthworm abundance and northings (Spearman's 
rho= -0.0996, p = 0.3345, d.f.=94), or eastings (Spearman's rho= 0.0492, p = 0.6339, d.f.=94) for 
both grassland and woodland sites together. There was also no significant relationship when 
broken down by habitat for grassland for easting (Spearman's rho= -0.1511, p = 0.3052, d.f.=46), and 
northings (Spearman's rho= 0.1853, p = 0.2074, d.f.=46). For woodland sites there was no 
significant relationship with easting (Spearman's rho= 0.3161, p = 0.0286, d.f.=46), however there 
was a significant relationship between earthworm abundance and northings (Spearman's rho= -
0.5259, p = 0.0001, d.f.=46). 
9.3.2 Soil Sample Chemical Results 
Full chemical results for each sample are included in Appendix D.  
pH, Total Organic Matter and Total Nitrogen 
Analysis for the pH, total organic carbon and total nitrogen was undertaken on the soil samples 
collected, Table 9.8 presents descriptive statistics of the results of analysis. 
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Table 9.8 Topsoil pH, total organic carbon (%), and total nitrogen (%) for all sites, 
woodland and grassland sites. 
  pH Total Organic Carbon % Total Nitrogen % 
A
ll Sites 
Min 3.83 1.29 0.05 
Max 8.24 12.50 2.00 
Median 6.11 2.55 0.30 
Mean 6.05 2.85 0.36 
Std Dev 1.15 1.44 0.25 
5th %ile 4.23 1.69 0.05 
95th %ile 7.77 4.15 0.70 
W
oodland Sites 
Min 3.83 1.35 0.05 
Max 7.91 12.50 0.70 
Median 5.03 2.81 0.30 
Mean 5.48 3.00 0.33 
Std Dev 1.18 1.64 0.18 
5th %ile 3.99 1.70 0.07 
95th %ile 7.53 4.56 0.70 
G
rassland Sites 
Min 5.26 1.29 0.05 
Max 8.24 9.20 2.00 
Median 6.50 2.46 0.40 
Mean 6.63 2.70 0.39 
Std Dev 0.78 1.20 0.31 
5th %ile 4.23 1.69 0.07 
95th %ile 7.98 4.05 0.77 
Study A
rea C
1 
Min 4.24 1.34 0.05 
Max 6.85 3.89 2.00 
Median 5.89 2.39 0.25 
Std Dev 0.80 0.64 0.39 
5th %ile 4.62 1.72 0.06 
95th %ile 6.65 3.71 0.59 
Study A
rea C
2 
Min 3.83 1.29 0.20 
Max 7.49 3.64 0.60 
Median 5.26 2.10 0.30 
Std Dev 0.93 0.63 0.11 
5th %ile 4.12 1.40 0.20 
95th %ile 6.78 3.48 0.59 
Study A
rea H
1 
Min 3.89 1.65 0.05 
Max 7.64 12.50 0.80 
Median 6.58 3.19 0.20 
Std Dev 1.18 2.45 0.22 
5th %ile 4.03 1.76 0.05 
95th %ile 7.54 8.55 0.69 
Study A
rea H
2 
Min 4.61 1.86 0.30 
Max 8.24 4.72 0.90 
Median 7.14 2.83 0.40 
Std Dev 1.06 0.81 0.17 
5th %ile 4.73 1.89 0.30 
95th %ile 8.09 4.22 0.70 
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There were differences in the topsoil pH between the 4 study areas for all samples (Kruskal Wallis 
H=25.81, p<0.001, d.f.=3), with areas C1 and C2 having lower pH than H1 and H2. This is also the 
case between grassland sites (Kruskal Wallis H=22.28, p<0.001, d.f.=3), again with areas C1 and C2 
having a lower pH than H1 and H2. Woodland sites (Kruskal Wallis H= 14.15, p< 0.01, d.f.=3) C1 and 
C2 had a lower pH than H2.  The pH was lower in woodland sites than grasslands across all areas 
(Wilcoxon rank sum p< 0.001). When looking at separate areas the pH was lower in woodland than 
grasslands in areas C1, C2, and H1 (Wilcoxon rank sum C1: p=0.035, C2: p<0.001, H1: p< 0.01). 
There were also differences in the TOC between the 4 study areas for all samples (Kruskal Wallis H 
= 12.48, p< 0.01, d.f.=3), with areas C1 and C2 having an apparent but unsignificantly lower levels 
than areas H1 and H2. There are differences between the levels found in woodlands from the 
different areas (Kruskal Wallis H =12.84, p< 0.01, d.f.=3), but not in grassland sites (Kruskal Wallis 
H= 2.86, p=0.4138, d.f.=3 ). Overall, there was no difference in organic carbon between grassland 
and woodland. 
There were differences in the total nitrogen (TN) levels found between the 4 study areas (Kruskal 
Wallis H=17.42, p<0.001, d.f.=3). There are also differences between the levels found in woodlands 
from the different areas (Kruskal Wallis H=9.8, p = 0.020, d.f.=3), and grassland sites (Kruskal 
Wallis H = 8.2, p = 0.042, d.f.= 3). Overall there was no difference between levels in grassland and 
woodland.  
Metals and Metalloids 
This work studied 11 metals: barium (Ba), beryllium (Be), cadmium (Cd), chromium (Cr), copper 
(Cu), lead (Pb), mercury (Hg), nickel (Ni), vanadium (V), zinc (Zn) and three metalloids arsenic 
(As), selenium (Se) and boron (B). Table 9.9 details descriptive statistics about the dataset (further 
illustrated in Figure 9.18).This shows that different analytes have quite different concentrations 
and probability distributions. Boron and mercury, for example, have few samples above the LOD, 
and arsenic, barium, beryllium, chromium, copper, lead, nickel, vanadium and zinc have no 
samples with concentrations below the LOD.  
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Table 9.9 Metal and metaloid concentrations (mg kg-1) in soil samples for all sites, 
woodland and grassland sites. 
  B As Ba Be Cd Cr Cu Pb Hg Ni Sn V Zn 
A
ll Sites 
Min 1.00 3.24 24.30 0.19 0.02 12.00 4.72 17.70 0.14 6.53 1.00 22.10 32.70 
Max 2.46 82.50 986.00 7.99 6.88 238.00 176.00 331.00 0.52 161.00 11.40 336.00 684.00 
Median 1.00 10.25 86.85 0.73 0.52 31.40 17.15 44.45 0.14 24.55 1.31 38.80 90.15 
Mean 1.11 13.88 115.42 0.87 0.74 35.89 22.23 57.42 0.15 25.94 1.48 46.49 114.65 
Std Dev 0.29 12.10 132.97 0.81 0.80 26.33 24.17 45.33 0.04 16.77 1.08 34.54 101.71 
5th %ile 1.00 6.23 32.85 0.35 0.10 18.80 8.03 23.63 0.14 10.70 1.00 26.20 55.65 
95th %ile 1.87 31.48 318.50 1.48 1.68 58.40 62.98 105.50 0.14 38.03 2.17 77.70 216.00 
W
oodland Sites 
Min 1.00 3.31 24.30 0.19 0.02 12.00 4.72 29.60 0.14 6.53 1.00 22.10 32.70 
Max 2.46 82.50 703.00 7.99 2.36 238.00 176.00 241.00 0.52 161.00 11.40 336.00 652.00 
Median 1.00 10.85 75.40 0.62 0.50 30.70 16.60 54.65 0.14 23.85 1.37 36.65 81.70 
Mean 1.15 15.76 99.97 0.86 0.68 35.90 20.35 62.80 0.15 26.25 1.62 48.26 100.46 
Std Dev 0.34 14.30 120.14 1.10 0.55 32.76 25.02 33.18 0.06 21.98 1.48 47.16 87.09 
5th %ile 1.00 7.14 28.76 0.30 0.08 14.35 7.48 36.14 0.14 10.38 1.00 24.81 50.54 
95th %ile 1.95 41.51 254.30 1.40 1.70 66.17 27.48 100.99 0.14 41.22 2.07 105.32 158.45 
G
rassland Sites 
Min 1.00 3.24 47.30 0.27 0.02 16.70 5.88 17.70 0.14 9.01 1.00 23.30 46.40 
Max 2.07 65.30 986.00 1.69 6.88 139.00 150.00 331.00 0.34 62.10 2.63 78.90 684.00 
Median 1.00 9.48 98.10 0.82 0.62 31.65 17.75 36.65 0.14 24.90 1.25 41.95 93.60 
Mean 1.08 12.01 130.86 0.88 0.81 35.87 24.10 52.04 0.15 25.63 1.34 44.73 128.84 
Std Dev 0.23 9.19 144.28 0.32 0.99 18.12 23.39 54.72 0.03 9.24 0.36 13.46 113.63 
5th %ile 1.00 5.80 53.65 0.44 0.20 20.91 9.23 22.41 0.14 13.81 1.00 28.80 61.67 
95th %ile 1.62 21.87 331.90 1.49 1.47 56.27 66.14 149.15 0.15 37.25 2.13 71.94 246.35 
Study A
rea C
1 
Min 1.00 3.24 29.60 0.27 0.15 12.00 5.88 18.90 0.14 9.01 1.00 27.50 55.20 
Max 1.23 17.70 100.00 0.86 0.72 46.40 21.80 102.00 0.15 43.60 1.80 59.00 123.00 
Median 1.00 8.73 65.15 0.61 0.43 31.55 17.40 34.90 0.14 29.30 1.37 37.15 81.25 
Std Dev 0.05 3.28 20.21 0.15 0.16 7.91 4.78 18.65 0.00 8.24 0.26 7.47 17.00 
5th %ile 1.00 3.66 37.65 0.41 0.20 17.69 7.97 22.29 0.14 12.10 1.00 28.44 57.12 
95th %ile 1.13 13.98 99.69 0.85 0.65 43.27 21.74 71.40 0.15 0.00 1.75 50.03 108.10 
Study A
rea C
2 
Min 1.00 7.36 52.20 0.28 0.02 19.20 7.29 24.60 0.14 9.68 1.00 23.30 46.40 
Max 1.00 19.50 986.00 1.24 1.91 74.60 73.70 210.00 0.14 48.40 1.79 122.00 234.00 
Median 1.00 10.50 98.50 0.58 1.10 25.30 16.85 45.55 0.14 18.10 1.25 34.30 86.05 
Std Dev 0.00 2.70 206.38 0.24 0.50 11.00 16.53 39.63 0.00 8.03 0.23 20.05 46.42 
5th %ile 1.00 7.84 61.38 0.36 0.08 19.53 8.12 25.86 0.14 10.37 1.00 24.99 48.92 
95th %ile 1.00 15.38 513.90 1.08 1.65 37.25 62.19 98.56 0.14 0.00 1.68 62.44 184.00 
Study A
rea H
1 
Min 1.00 6.09 24.30 0.19 0.10 12.30 8.68 17.70 0.14 6.53 1.00 22.10 32.70 
Max 2.06 61.90 703.00 7.99 6.88 238.00 176.00 331.00 0.23 161.00 11.40 336.00 684.00 
Median 1.00 9.23 95.75 0.88 0.38 28.30 22.35 49.85 0.14 22.15 1.30 36.70 93.30 
Std Dev 0.37 11.23 145.09 1.50 1.39 48.62 42.28 73.70 0.02 30.40 2.09 62.02 185.62 
5th %ile 1.00 6.45 25.75 0.24 0.18 13.35 10.82 23.97 0.14 8.07 1.00 23.47 41.07 
95th %ile 1.88 21.04 375.55 1.67 2.21 127.54 138.27 230.95 0.14 0.00 2.59 72.66 636.85 
Study A
rea H
2 
Min 1.00 4.88 32.40 0.34 0.02 23.50 4.72 24.00 0.14 12.20 1.00 29.80 61.20 
Max 2.46 82.50 189.00 1.64 1.85 85.60 30.60 93.00 0.52 36.80 2.35 112.00 253.00 
Median 1.00 17.25 94.20 1.04 0.79 34.50 16.10 50.10 0.14 26.95 1.35 55.50 98.60 
Std Dev 0.41 18.50 37.86 0.32 0.53 12.60 6.78 17.32 0.09 6.88 0.39 19.74 43.95 
5th %ile 1.00 7.49 33.78 0.52 0.03 28.65 7.47 32.24 0.14 14.32 1.00 32.30 64.33 
95th %ile 2.06 62.02 156.45 1.47 1.69 54.24 28.72 86.98 0.31 0.00 2.14 90.80 175.75 
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Figure 9.18 Metal and metalloid median concentration (mg/kg) for grassland and 
woodland sites. * indicates statistical difference at α = 0.05. Error bars represent 
25percentile and 75th percentile.  
Of the metals in common with the UK SHS (arsenic, cadmium, chromium, copper, lead, mercury, 
nickel, vanadium and zinc) the median concentration found in this survey exceeded the estimated 
ambient English background soil concentration (median) for arsenic, cadmium, chromium, lead, 
mercury, nickel and zinc. For mercury this is due to the LOD (0.14 mg kg-1) being above the ambient 
soil concentration. 
There were a number of sites where the UK Environment Agency SGV was exceeded for arsenic (5 
sites: 4 woodland, 1 grassland), and nickel (1 site, woodland). CIEH/LQM GAC was exceeded for 
vanadium (6 sites @ 6% soil organic matter GAC in 4 woodlands, 2 grasslands). There is one site 
where the limit value for arsenic, nickel and vanadium is exceeded (H1). Of the sites where the GAC 
for vanadium was exceeded, 4 of these agree with sites where the SGV for arsenic was exceeded (H1 
and H2), and one is the grassland associated with a site where the SGV for arsenic was exceeded. 
Soil screening risk quotients exceeded 1 at a number of sites for cadmium (17 sites, 8 woodland, 9 
grasslands), chromium (84 sites, 40 woodland, 44 grasslands), copper (3 sites, 2 woodland, 1 
grassland), lead (4 sites, 1 woodland, 3 grasslands), mercury (5 sites where concentration above 
LOD, 3 grasslands, 2 woodland), nickel (7 sites, 4 woodland, 3 grasslands), zinc (17 sites, 7 
woodland, 10 grasslands).  
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Geographic variations 
The concentrations found across the different areas were not uniform in grassland sites for arsenic 
(Kruskal-Wallis H= 14.2, p< 0.01, d.f.=3), barium (Kruskal-Wallis H=12.58, p< 0.01, d.f.=3), beryllium 
(Kruskal-Wallis H= 15.61, p< 0.01, d.f.=3), boron (Kruskal-Wallis H= 10.88, p= 0.012, d.f.=3), 
cadmium (Kruskal-Wallis H= 8.19, p= 0.042, d.f.=3), chromium (Kruskal-Wallis H= 13.9, p< 0.01, 
d.f.=3), copper (Kruskal-Wallis H= 7.9, p= 0.048, d.f.=3), lead (Kruskal-Wallis H= 9.99, p= 0.019, 
d.f.=3), and nickel (Kruskal-Wallis H= 13.48, p< 0.01, d.f.=3). For woodlands there was a significant 
difference between concentrations for arsenic (Kruskal-Wallis H= 11.29, p< 0.01, d.f.=3), barium 
(Kruskal-Wallis H=9.58, p= 0.023, d.f.=3), beryllium (Kruskal-Wallis H= 13.86, p< 0.01, d.f.=3), 
cadmium (Kruskal-Wallis H= 8.41, p< 0.01, d.f.=3), chromium (Kruskal-Wallis H=11.69, p< 0.01, d.f. 
= 3), nickel (Kruskal-Wallis H= 8.54, p= 0.036, d.f.=3) and vanadium (Kruskal-Wallis H=11.97, p< 
0.01, d.f.=3). 
Metals Profile  
Over all areas there was a significantly higher concentration of arsenic (Wilcoxon rank sum p= 
0.048) and lead (Wilcoxon rank sum p<0.001) in woodland sites compared to grassland sites and 
concentrations of barium (Wilcoxon rank sum p< 0.01), beryllium (Wilcoxon rank sum p< 0.01) 
and zinc (Wilcoxon rank sum p= 0.042) were higher in grassland than woodland sites. 
PAHs 
This work studied 16 Polycyclic Aromatic Hydrocarbons (PAHs):  acenaphthene, acenaphthylene, 
anthracene, benz(a)anthracene, benzo(a)pyrene, benzo(b)fluoranthene, benzo(g,h,i)perylene, 
benzo(k)fluoranthene, chrysene, dibenzo(a,h)anthracene, fluoranthene, fluorene, indeno(1,2,3-
cd)pyrene, naphthalene, phenanthrene and pyrene. Table 9.10 details some descriptive statistics 
about the concentrations of PAHs in soil, these again show different analytes have quite different 
concentrations and distributions. For the analytes acenaphthene, acenaphthylene, anthracene, 
dibenzo(a,h)anthracene, and fluorene there are less than 10 sites with concentrations above the 
LOD. The ∑PAH concentration shows a large range from 118 µg kg-1 to 21200 µg kg-1. 
 168 
Table 9.10 Polycyclic aromatic hydrocarbons (PAHs) concentrations (μg kg-1) in soil 
samples from all sites, woodland and grassland sites. 
  
∑U
SEPA
 16 PA
H 
Acenaphthene 
Acenaphthylene 
Anthracene 
Benz(a)anthracene 
Benzo(a)pyrene 
Benzo(b)fluoranthene 
Benzo(g,h,i)perylene 
Benzo(k)fluoranthene 
Chrysene 
Dibenzo(a,h)anthracene 
Fluoranthene 
Fluorene 
Indeno(1,2,3-cd)pyrene 
N
aphthalene 
Phenanthrene 
Pyrene 
All Sites 
Min 118.00 8.00 12.00 16.00 14.00 15.00 15.00 24.00 14.00 10.00 23.00 17.00 10.00 18.00 9.00 15.00 15.00 
Max 21200.00 122.00 384.00 316.00 1490.00 2080.00 3120.00 2150.00 982.00 1790.00 344.00 3060.00 70.00 1690.00 107.00 1270.00 2740.00 
Median 310.00 8.00 12.00 16.00 28.45 31.20 50.60 26.20 14.00 32.95 23.00 55.05 10.00 25.95 9.00 26.75 43.75 
Mean 803.56 9.40 16.84 22.42 64.89 73.57 123.44 76.32 41.28 74.94 29.23 125.31 11.33 60.82 13.26 56.95 106.73 
Std Dev 2569.77 11.79 38.30 37.72 181.54 237.05 364.21 241.80 114.41 214.28 37.93 391.11 7.99 190.44 13.26 156.24 346.74 
5th %ile 118.00 8.00 12.00 16.00 14.00 15.00 15.00 24.00 14.00 10.00 23.00 17.00 10.00 18.00 9.00 15.00 15.00 
95th %ile 1325.00 8.00 14.75 26.90 123.00 140.00 206.25 112.25 75.75 122.25 27.60 208.00 10.00 95.63 28.98 155.00 185.25 
W
oodland Sites 
Min 118.00 8.00 12.00 16.00 14.00 15.00 15.00 24.00 14.00 10.00 23.00 17.00 10.00 18.00 9.00 15.00 15.00 
Max 3560.00 8.00 51.70 51.70 226.00 239.00 604.00 257.00 161.00 463.00 67.20 523.00 10.00 248.00 50.60 210.00 440.00 
Median 399.50 8.00 12.00 16.00 31.80 33.55 69.95 33.15 21.25 40.25 23.00 62.55 10.00 28.60 9.00 30.00 49.55 
Mean 534.13 8.00 13.01 17.48 42.29 44.30 95.14 47.97 29.33 57.11 24.92 82.63 10.00 40.87 12.03 40.39 66.62 
Std Dev 604.04 0.00 5.74 7.17 37.85 39.43 109.78 44.68 30.33 72.50 7.97 84.70 0.00 43.26 7.51 39.66 71.28 
5th %ile 118.00 8.00 12.00 16.00 14.00 15.00 19.13 24.00 14.00 10.00 23.00 17.00 10.00 18.00 9.00 15.00 15.00 
95th %ile 1250.00 8.00 14.39 16.00 98.92 111.95 222.65 98.26 70.64 124.25 34.96 205.30 10.00 89.58 25.81 122.80 171.85 
Grassland Sites 
Min 118.00 8.00 12.00 16.00 14.00 15.00 15.00 24.00 14.00 10.00 23.00 17.00 10.00 18.00 9.00 15.00 15.00 
Max 21200.00 122.00 384.00 316.00 1490.00 2080.00 3120.00 2150.00 982.00 1790.00 344.00 3060.00 70.00 1690.00 107.00 1270.00 0.00 
Median 199.50 8.00 12.00 16.00 25.00 27.40 41.75 24.00 14.00 25.00 23.00 41.90 10.00 18.00 9.00 15.00 35.25 
Mean 1073.00 10.80 20.67 27.37 87.50 102.84 151.75 104.68 53.24 92.77 33.54 167.99 12.65 80.76 14.49 73.51 146.84 
Std Dev 3582.57 16.65 53.87 52.67 253.26 332.08 504.41 338.43 158.89 294.79 52.98 546.16 11.20 265.75 17.20 217.27 484.41 
5th %ile 118.00 8.00 12.00 16.00 14.00 15.00 15.00 24.00 14.00 10.00 23.00 17.00 10.00 18.00 9.00 15.00 15.00 
95th %ile 1298.00 8.00 14.80 29.14 127.80 141.60 177.50 127.25 74.19 113.40 23.00 199.10 23.00 93.97 37.54 151.72 179.80 
Study Area C1 
Min 118.00 8.00 12.00 16.00 14.00 15.00 15.00 24.00 14.00 10.00 23.00 17.00 10.00 18.00 9.00 15.00 15.00 
Max 1320.00 8.00 13.80 16.00 120.00 139.00 237.00 102.00 74.80 121.00 41.40 220.00 10.00 94.30 17.70 58.00 189.00 
Median 200.50 8.00 12.00 16.00 23.05 23.85 48.95 24.00 14.00 24.50 23.00 41.60 10.00 18.00 9.00 16.70 33.70 
Std Dev 338.83 0.00 0.37 0.00 28.57 31.73 61.76 22.80 17.72 30.44 3.76 53.37 0.00 21.70 2.26 13.00 46.60 
5th %ile 118.00 8.00 12.00 16.00 14.00 15.00 15.00 24.00 14.00 10.00 23.00 17.00 10.00 18.00 9.00 15.00 15.00 
95th %ile 1156.40 8.00 12.00 16.00 101.43 110.06 194.80 93.35 64.43 99.85 23.00 189.00 10.00 80.05 14.86 53.18 168.73 
Study Area C2 
Min 118.00 8.00 12.00 16.00 14.00 15.00 15.00 24.00 14.00 10.00 23.00 17.00 10.00 18.00 9.00 15.00 15.00 
Max 785.00 28.20 12.00 31.10 88.20 78.10 137.00 72.00 46.40 71.90 23.00 96.90 30.00 57.30 50.60 192.00 85.80 
Median 158.50 8.00 12.00 16.00 19.70 16.65 37.05 24.00 14.00 22.85 23.00 27.70 10.00 18.00 9.00 15.00 22.55 
Std Dev 216.10 4.12 0.00 3.08 17.38 15.15 31.00 12.50 8.81 16.19 0.00 22.00 4.08 10.99 11.03 48.14 17.89 
5th %ile 118.00 8.00 12.00 16.00 14.00 15.00 15.00 24.00 14.00 10.00 23.00 17.00 10.00 18.00 9.00 15.00 15.00 
95th %ile 748.20 8.00 12.00 16.00 51.02 47.25 108.55 55.36 38.62 50.44 23.00 80.78 10.00 49.36 40.32 162.97 58.95 
Study Area H1 
Min 118.00 8.00 12.00 16.00 14.00 19.80 20.30 24.00 14.00 15.60 23.00 25.10 10.00 18.00 9.00 15.00 22.30 
Max 21200.00 122.00 384.00 316.00 1490.00 2080.00 3120.00 2150.00 982.00 1790.00 344.00 3060.00 70.00 1690.00 107.00 1270.00 2740.00 
Median 491.00 8.00 12.00 16.00 44.75 43.70 74.70 39.70 25.05 48.05 23.00 76.75 10.00 31.10 9.00 31.40 64.00 
Std Dev 4955.07 23.27 75.99 73.48 349.52 460.10 701.44 470.64 221.18 411.18 74.04 753.46 15.25 369.93 23.14 299.35 668.71 
5th %ile 185.40 8.00 12.00 16.00 21.25 24.13 35.97 24.00 14.00 20.57 23.00 38.11 10.00 18.00 9.00 15.00 32.46 
95th %ile 12519.00 8.00 51.96 204.11 909.40 987.85 1595.10 965.05 510.35 1004.45 186.88 2118.45 50.12 758.85 65.08 784.60 1842.50 
Study Area H2 
Min 118.00 8.00 12.00 16.00 14.00 15.00 15.00 24.00 14.00 16.40 23.00 25.50 10.00 18.00 9.00 15.00 20.40 
Max 1340.00 8.00 16.30 25.50 132.00 143.00 180.00 143.00 78.60 126.00 23.00 190.00 10.00 99.60 19.30 79.70 172.00 
Median 402.50 8.00 12.00 16.00 34.25 41.00 58.45 46.05 14.00 37.05 23.00 70.55 10.00 32.25 9.00 32.55 57.75 
Std Dev 327.17 0.00 0.88 1.94 29.37 29.70 41.21 28.98 16.89 30.12 0.00 48.66 0.00 21.57 3.17 17.90 40.95 
5th %ile 121.90 8.00 12.00 16.00 14.00 16.34 23.15 24.00 14.00 21.40 23.00 29.05 10.00 18.00 9.00 15.00 23.70 
95th %ile 1093.30 8.00 12.00 16.00 96.19 96.45 151.25 89.94 59.39 113.77 23.00 177.10 10.00 78.12 17.67 60.45 142.55 
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Figure 9.19 illustrates the difference in median concentrations of the 16 PAHs and ∑PAH between 
grassland and woodland samples.  This shows that there is a higher median concentration of most 
PAHs and double the median concentration for the ∑PAH in woodlands compared to grassland 
samples.  
 
Figure 9.19 Polycyclic aromatic hydrocarbons (PAHs) median concentration (mg kg-1) for 
grassland and woodland sites. * indicates statistical difference at α = 0.05. Error bars 
indicate 25%ile and 75%ile.  
Of the PAHs in common with the SHS (all except acenaphthene, dibenzo(a,h)anthracene and 
naphthalene) the median concentration found in this survey exceeded the estimated ambient 
English background soil concentration (median) for acenaphthylene, anthracene, and fluorene. 
This is due to the LOD for these analytes being above the SHS ambient soil concentration. The UK 
Environment Agency SGVs do not currently exist for PAHs, however when compared to LQM/CIEH 
GACs there were 2 cases where these were exceeded for benzo (a) pyrene (1% soil organic matter 
GAC both grassland in area 2). Two sites exceeded a risk quotient of 1 for benzo (a) pyrene, both 
grassland sites.  
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Concentrations of ∑PAH (Wilcoxon rank sum p= 0.042), benzo(b)fluoranthene (Wilcoxon rank sum 
p< 0.01), chrysene (Wilcoxon rank sum p= 0.024) and phenanthrene (Wilcoxon rank sum p= 0.037) 
were higher in woodlands than grasslands across all sites. When looked at an area level there is no 
difference between grassland and woodland concentrations of ∑PAH (area 1: Wilcoxon rank sum p< 
0.01, area 2: Wilcoxon rank sum p= 0.58, area 3: Wilcoxon rank sum p= 0.88, area 4: Wilcoxon rank 
sum p= 0.53).  
Geographic variations 
The concentrations found across the different areas were not uniform in grassland sites for ∑PAH 
(Kruskal-Wallis H=12.36, p< 0.01, d.f.=3), benz(a)anthracene (Kruskal-Wallis H=10.65, p= 0.014, 
d.f.=3), benzo(a)pyrene (Kruskal-Wallis H= 15.17, p< 0.01, d.f.=3), benzo(b)fluoranthene (Kruskal-
Wallis H= 9.96, p= 0.019, d.f.=3), benzo(g,h,i)perylene (Kruskal-Wallis H= 11.97, p< 0.01, d.f.=3), 
chrysene (Kruskal-Wallis H=12.75, p= 0.019, d.f.=3), fluoranthene (Kruskal-Wallis H= 15.93, p< 0.01, 
d.f.=3), indeno(1,2,3-cd)pyrene (Kruskal-Wallis H= 8.41, p= 0.039, d.f.=3), phenanthrene (Kruskal-
Wallis H= 9.96, p= 0.022, d.f.=3), pyrene (Kruskal-Wallis H= 15.84, p< 0.01, d.f.=3). For woodlands 
there was a significant difference between concentrations of ∑PAH (Kruskal-Wallis H= 14, p< 0.01, 
d.f.=3), acenaphthylene (Kruskal-Wallis H= 9.58, p= 0.022, d.f.=3), benz(a)anthracene (Kruskal-
Wallis H= 17.96, p< 0.001, d.f.=3), benzo(a)pyrene (Kruskal-Wallis H= 18.41, p< 0.001, d.f.=3), 
benzo(b)fluoranthene (Kruskal-Wallis H= 9.55, p= 0.023, d.f.=3), benzo(g,h,i)perylene (Kruskal-
Wallis H= 12.09, p< 0.01, d.f.=3), benzo(k)fluoranthene (Kruskal-Wallis H= 8.14, p= 0.043, d.f.=3), 
chrysene (Kruskal-Wallis H= 12.25, p< 0.001, d.f.=3), fluoranthene (Kruskal-Wallis H= 20.42, p< 
0.001, d.f.=3), indeno(1,2,3-cd)pyrene (Kruskal-Wallis H= 9.03, p= 0.029, d.f.=3), phenanthrene 
(Kruskal-Wallis H= 13.76, p< 0.001, d.f.=3), pyrene (Kruskal-Wallis H= 22.38, p< 0.001, d.f.=3). 
PAH Profiles 
Across all areas and for both grassland and woodland sites lower concentrations of PAHs were 
found for the smaller, more volatile compounds with a low number of structural rings. There was a 
significantly higher proportion of the ∑PAH concentration in grassland than woodland for 
acenaphthene (Wilcoxon rank sum p = 0.027), fluorene (Wilcoxon rank sum p = 0.029), 
anthracene (wilcoxon rank sum p = 0.026), and benzo(g,h,i)perylene (Wilcoxon rank sum p< 0.01), 
and a significantly higher proportion of ∑PAH in woodland than grassland for 
benzo(b)fluoranthene (Wilcoxon rank sum p < 0.001) and chrysene (Wilcoxon rank sum p < 0.001); 
Figure 9.20 (a). There was a significantly higher concentration of ∑4 structural ring PAHs in 
woodlands than grassland; Figure 9.20 (b), and a significantly higher ratio in grassland than 
woodlands for 2:3 ring, 5:3 ring and 6:3 ring; Figure 9.20 (c). 
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Figure 9.20 (a) Polycyclic aromatic hydrocarbons (PAHs) contribution to ∑PAH from each 
PAH; (b) concentration of ∑PAH for each of the classes of PAH by number of structural 
rings. (c) ratio of 2,3,5, and 6 ring PAH to 3 ring number class of PAH. * indicates statistical 
difference at α = 0.05 
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Differentiation of Major PAH Source Types 
All of the ratios used in this study indicate a domination of pyrogenically formed PAHs in all soils, 
Table 9.11. The ratio anthracene/ phenanthrene indicates 2 sites where the source of parent PAHs 
may be petrogenic. These sites are adjacent woodland and grassland sites in the C2 study area. The 
petrogenic origin of the PAHs at these sites is however inconsistent with other ratios.  
Table 9.11 Summary of PAH ratios for all sites studies, woodland and grassland. 
  ANT/PHE FLA/PYR BaA/CHR1 IcdP/BghiP BaP/BPE 
A
ll Sites 
Median 0.37 0.55 0.49 0.43 0.94 
Min 0.08 0.44 0.24 0.32 0.63 
Max 0.52 0.62 0.66 0.56 1.53 
Pyrogenic % 97.92 100.00 95.83 100.00 - 
Petrogenic % 2.08 0.00 0.00 0.00 - 
Traffic sources - - - - 100.00 
Non-traffic sources - - - - 0.00 
W
oodland 
Sites 
Median 0.35 0.55 0.46 0.43 0.91 
Min 0.08 0.53 0.24 0.39 0.63 
Max 0.52 0.61 0.66 0.53 1.53 
Pyrogenic % 97.92 100.00 91.67 100.00 - 
Petrogenic % 2.08 0.00 0.00 0.00 - 
G
rassland 
Sites 
Median 0.52 0.54 0.51 0.43 0.96 
Min 0.08 0.44 0.40 0.32 0.63 
Max 0.52 0.62 0.59 0.56 1.43 
Pyrogenic % 97.92 100.00 100.00 100.00 0.00 
Petrogenic % 2.08 0.00 0.00 0.00 0.00 
Study 
A
rea C
1 
Median 0.49 0.55 0.50 0.43 0.85 
Min 0.22 0.44 0.36 0.43 0.63 
Max 0.52 0.62 0.59 0.56 1.43 
Pyrogenic % 100.00 100.00 100.00 100.00 - 
Petrogenic % 0.00 0.00 0.00 0.00 - 
Study 
A
rea C
2 
Median 0.52 0.55 0.51 0.43 0.67 
Min 0.08 0.53 0.24 0.42 0.63 
Max 0.52 0.59 0.66 0.53 1.39 
Pyrogenic % 91.67 100.00 87.50 100.00 - 
Petrogenic % 8.33 0.00 0.00 0.00 - 
Study 
A
rea H
1 
Median 0.34 0.54 0.48 0.44 1.01 
Min 0.15 0.53 0.33 0.32 0.68 
Max 0.52 0.57 0.56 0.49 1.34 
Pyrogenic % 100.00 100.00 95.83 100.00 - 
Petrogenic % 0.00 0.00 0.00 0.00 - 
Study 
A
rea H
2 
Median 0.33 0.55 0.47 0.43 0.74 
Min 0.17 0.52 0.39 0.39 0.63 
Max 0.52 0.59 0.56 0.47 1.39 
Pyrogenic % 100.00 100.00 100.00 100.00 - 
Petrogenic % 0.00 0.00 0.00 0.00 - 
1Some ratio values do not indicate if pyrogenic or petrogenic origin  
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Pesticides 
This work studied 28 organochlorine and organophosphate pesticides. The organochlorine 
pesticide analytes were aldrin, o,p and p,p-dichlorodiphenyldichloroethylene (DDE), o,p and 
p,p-dichlorodiphenyltrichloroethane (DDT), dieldrin, endosulphan(I, II and sulphate), endrin, 
ethion, heptachlor, heptachlor epoxide, alpha, beta,  and gamma-hexachlorocyclohexane, o,p and 
p,p-methoxychlor, and o,p and p,p-tetrachlorodiphenylethane (TDE/DDD). The organophosphate 
pesticides analytes were azinphos-methyl, diazinon, dichlorvos, fenitrothion, malathion, methyl 
parathion, mevinphos and parathion. None of the pesticides analysed for were found at 
concentrations exceeding the LOD in any of the samples across all areas, in both grassland and 
woodland.  
9.3.3 Earthworms and Environmental Variables 
Spearman’s rank correlation shows significant relationships between total earthworm abundance 
and pH (ρ= 0.62, p< 0.001, d.f.=94), moisture (ρ=0.54, p< 0.001, d.f.=94), infiltration (ρ=0.40, p< 
0.01, d.f.=94), beryllium (ρ=0.38, p< 0.01, d.f.=94), and zinc (ρ=0.32, p=0.046, d.f.=94). Plots of the 
number of earthworms recovered at different levels of these environmental variables are shown in 
Figure 9.21 and Figure 9.22. This does show that there does appear to be a relationship between 
number of earthworms and the levels of environmental variables. Care must however be taken 
when interpreting these plots as they do not necessarily represent the relationship between 
earthworms and environmental variables as there are not even numbers of samples at each level of 
environmental variable. Earthworms appear to exhibit a preference for soils above pH5.5 (91.4% of 
total earthworms inhabiting soils > pH 5.5), and moisture above 35% (79.7% of total earthworms at 
moisture > 35%). At most sites infiltration of 1 litre of water into the soil surface took 3 minutes or 
longer. Due to this lack of a clear gradient in the results, any relationship between earthworm 
abundance and infiltration rate cannot be proved using this dataset. 
Earthworms appear from this dataset to exhibit a preference for concentrations <0.95 mg kg -1 
beryllium and 120 mg kg -1 zinc.  
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Figure 9.21 Number of earthworms recovered at levels of environmental variables for pH 
(top), moisture (middle), and infiltration (bottom). Number of sites detailed on the X axis 
in parentheses 
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Figure 9.22 Number of earthworms recovered at levels of environmental variables for 
beryllium (top) and zinc (bottom). Number of sites detailed on the X axis in parentheses  
Spearman’s rank correlation shows significant relationships between earthworm species numbers 
and pH (ρ= 0.60, p< 0.001, d.f.=94), moisture (ρ=0.52, p< 0.001, d.f.=94), beryllium (ρ=0.42, p< 
0.001, d.f.=94), infiltration (ρ=0.399621, p< 0.01, d.f.=94), and barium (ρ=0.338898, p=0.026, 
d.f.=94). 
Redundancy analysis (RDA) using all 39 explanatory variables and earthworm ecological groups 
with habitat as a co-variable explained 62.3% of the variation (sum of all canonical eigenvalues = 
67.2%; F-ratio = 2.941; p = 0.001). The first two axes of the RDA explained 49.7% (F-ratio = 55.284; p 
= 0.001) and 12.6% of the total variance correspondingly. The first two species environment 
correlations are 85.3% and 63%, which appear to be quite high however since in constrained 
ordinations the relationships between species and the environment are maximized these will 
appear to be quite high even for random data. From the correlations, it can be inferred that the 
first axis is mainly a pH and moisture gradient and the second axis is mainly a pH, arsenic and 
shear strength gradient. Species scores indicate  the tendency of an ecological group to respond to 
a gradient in an environmental variable. From evaluation of species scores it appears that endogeic 
earthworms are reacting more strongly than other ecological groups to the first axis. 
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After forward variable selection 5 of the 39 explanatory variables were included in the final model 
which explained 38.5% of the variation; Table 9.12, Figure 9.23. If pH is defined as a co-variable 
then the remaining variables (arsenic, moisture, beryllium and mercury) remain significant. 
Table 9.12 Redundancy analysis of ecological group composition in 96 sites in England 
(first canonical eigenvalue = 0.355; F-ratio=49.622; P-value=0.0010, sum of all canonical 
eigenvalues = 0.385; F-ratio = 11.274; P-value = 0.0010).  
Axes  Axis 1 Axis 2 Axis 3 Axis 4 
 Eigenvalues 0.355 0.03 0.376 0.239 
 Species-environment variable correlations 0.728 0.301 0 0 
 Cumulative variance of species data % 35.5 38.5 76.1 100 
 Cumulative variance of species-explanatory variable relation (%) 92.3 100 0 0 
Forward selection of variables  Extra fit F ratio P 
 pH  0.18 20.07 0.001 
 Arsenic  0.09 11.49 0.001 
 Moisture 0.04 5.8 0.004 
 Beryllium 0.05 7.02 0.002 
 Mercury  0.03 3.76 0.031 
 
 
Figure 9.23 Redundancy analysis of earthworm ecological group composition in 96 plots. 
Correlation biplot of first and second axes. The final RDA model produced by forward 
variable selection is shown. Explanatory variables with significant contribution to the 
model. Continuous explanatory variables are represented by arrows (indicating their 
direction of steepest increase). Samples are represented by circles (woodland) and squares 
(grassland).  
Canonical correspondence analysis (CCA) was carried out using all 39 explanatory variables and the 
18 active earthworm species with habit type as a co variable. All canonical eigenvalues explain 
52.09% of the variation, and the first axis explains 13.8%. Both the test on the first axis and the test 
on all axes gave a non significant result (first canonical axis: eigenvalue = 0.60; F-ratio = 7.2; P-
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value = 0.066; all canonical axes = 2.25; F-ratio = 1.25; P-value = 0.052). The first two species 
environment correlations are 26.5% and 48.6%. From the correlations, it can be inferred that the 
first axis is mainly an arsenic gradient and the second axis is mainly a pH, and TOC gradient. 
Species scores can be used to indicate the strength of the tendency of species respond to the 
gradient (Table 9.13). After forward selection, 2 of the 39 explanatory variables were included in the 
final model, pH and arsenic, which explained 11.15% of the variation (Table 9.14, Figure 9.24 and 
Figure 9.25). If pH is set as a covariable with habitat, arsenic is still a significant explanatory 
variable in forward selection of environmental variables. 
Table 9.13 Canonical correspondence analysis species scores of environmental variables 
with the first four axes of CCA for the 96 sites. For species, N2 means the effective number 
of occurrences of a species and is the inverse of the Simpson index. 
 AX1 AX1 
Rank 
AX2 AX2 
Rank 
AX3 AX3 
Rank 
AX4 AX4 
Rank 
WEIGHT N2 
A. chlorotica -0.172 6 -0.2734 4 0.2075 13 -0.0928 9 108.26 45.15 
A. eiseni 7.509 17 0.5074 15 -0.1331 6 -1.1895 1 1.95 1 
A. caliginosa -0.2667 5 -0.1918 7 0.101 9 -0.1729 5 111.19 50.54 
A. caliginosa nocturna -0.9109 2 -0.1892 8 1.9234 17 0.2861 14 1.61 1 
Aporrectodea longa -0.2834 4 -0.2321 6 0.173 11 0.0238 12 52.2 30.89 
Aporrectodea rosea -0.3216 3 -0.2818 3 0.026 7 -0.163 7 73.99 39.54 
D. hortensis 8.656 18 0.2627 13 0.6473 16 0.1716 13 8.02 2.93 
D. octaedra -1.6985 1 10.6503 18 3.596 18 0.5481 16 3.3 3 
Dendrodrilus rubidus 0.5265 15 2.1326 17 -2.5778 1 0.4301 15 14.2 10.88 
Lumbricus castaneus 0.0763 13 0.0266 11 0.1779 12 -0.0786 10 19.79 13.64 
Lumbricus festivus -0.0169 11 0.1655 12 -0.8485 2 -0.1755 4 2.08 3 
Lumbricus friendi 0.4733 14 -0.0463 10 -0.3635 5 -0.1631 6 0.69 1 
Lumbricus rubellus -0.0894 9 0.9188 16 -0.7917 3 -0.1262 8 42.45 28.15 
Lumbricus terrestris -0.1195 8 -0.2446 5 0.0407 8 -0.0065 11 32.96 27.06 
Murchieona muldali -0.0087 12 -0.7454 2 0.1126 10 2.1052 18 18.82 8.44 
Octolasion cyaneum -0.1561 7 0.3622 14 -0.5401 4 -0.2412 3 12.12 12.53 
Octolasion tyrtaeum 1.2703 16 -0.0513 9 0.4984 15 -0.4135 2 8.66 7.29 
Satchellius mammalis -0.0762 10 -0.7746 1 0.3823 14 0.9262 17 7.71 5.82 
Table 9.14 Canonical correspondence of earthworm species composition in 96 sites in 
England (first canonical eigenvalue = 0.269; F-ratio=5.447; P-value=0.0020, all canonical 
axes: Trace = 0.481; F-ratio = 5.142; P-value = 0.0020).  
Axes  Axis 1 Axis 2 Axis 3 Axis 4 
 Eigenvalues 0.269 0.212 0.697 0.552 
 Species-environment variable correlations  : 0.614 0.565 0 0 
 Cumulative variance of species data %    6.2 11.1 27.3 40.1 
 Cumulative variance of species-explanatory variable relation (%) 55.9 100 0 0 
Forward selection of variables  Extra fit F ratio P 
 pH  0.25 5.17 0.002 
 Arsenic  0.23 4.88 0.002 
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SP1: Allolobophora chlorotica; SP2: Allolobophoridella eiseni; SP3: Aporrectodea caliginosa SP4: A. caliginosa nocturna; SP5: 
Aporrectodea longa; SP6: Aporrectodea rosea; SP7: Dendrobaena hortensis; SP8: Dendrobaena octaedra; SP9: Dendrodrilus 
rubidus; SP10: Lumbricus castaneus; SP11: Lumbricus festivus; SP12: Lumbricus friendi; SP13: Lumbricus rubellus; SP14: Lumbricus 
terrestris; SP15: Murchieona muldali; SP16: Octolasion cyaneum; SP17: Octolasion tyrtaeum; SP18: Satchellius mammalis 
Figure 9.24 Canonical correspondence analysis (CCA) of earthworm species composition in 
96 plots. Ordination diagram with environmental variables selected by forward selection 
represented by arrows. Species are represented by triangles, with species number 
corresponding to earthworm species.  
 
SP1: Allolobophora chlorotica; SP2: Allolobophoridella eiseni; SP3: Aporrectodea caliginosa SP4: A. caliginosa nocturna; SP5: 
Aporrectodea longa; SP6: Aporrectodea rosea; SP7: Dendrobaena hortensis; SP8: Dendrobaena octaedra; SP9: Dendrodrilus 
rubidus; SP10: Lumbricus castaneus; SP11: Lumbricus festivus; SP12: Lumbricus friendi; SP13: Lumbricus rubellus; SP14: Lumbricus 
terrestris; SP15: Murchieona muldali; SP16: Octolasion cyaneum; SP17: Octolasion tyrtaeum; SP18: Satchellius mammalis 
Figure 9.25 Canonical correspondence analysis (CCA) of earthworm species composition in 
96 plots. Ordination diagram with environmental variables selected by forward selection 
represented by arrows. Species are represented by triangles, with species number 
corresponding to earthworm species. Samples are represented by squares (grassland), and 
circles (woodland).  
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XY Attribute Plots 
The relationship between earthworm ecological groups and species to environmental variables can 
be further investigated through use of XY Attribute plots.  
Ecological Groups 
The strongest relationship appears to be between endogeic (topsoil dwelling) earthworms and pH 
while it appears that epigeic (leaf litter dwelling) earthworms respond positively to an increase in 
soil arsenic concentrations, Table 9.15, Figure 9.26. Plotting a GLM to the attribute plot shows that 
the model is significant for all of the earthworm ecological groups and pH, while after Hochberg 
adjustment the no model is significant for arsenic. 
Table 9.15 Model significance, with Hochberg adjustment, of the plotted generalised linear 
model between pH and earthworm ecological groups and arsenic and earthworm 
ecological groups 
 pH Arsenic 
 p F p F 
Endogeic <0.001 29.36 - - 
Epigeic <0.001 13.52 0.07 5.35 
Anecic <0.001 16.40 - - 
 
Figure 9.26 XY Attribute Plot with fitted generalised linear model for pH (left) and arsenic 
(right). Samples are represented by squares (grassland), and circles (woodland). 
It appears that many earthworm species have a positive relation to soil pH, while a number of 
species may have a negative relationship. It appears that Dendrobaena hortensis has a positive 
relationship with arsenic, Figure 9.27. For earthworm species, the GLM model was significant for pH 
and the earthworm species Allolobophora chlorotica, Dendrobaena hortensis, Dendrobaena 
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octaedra, Dendrodrilus rubidus, Murchieona muldali, and Satchellius mammalis. The GLM model 
was significant for arsenic with Dendrobaena hortensis only, Table 9.16. 
Table 9.16 Model significance of the plotted generalised linear model between pH and 
earthworm species and arsenic and earthworm species 
  
 pH Arsenic 
 
 # Total Hochberg adj p F Hochberg adj p F 
Allolobophora chlorotica SP1 527 0.023348 10.41   
Allolobophoridella eiseni SP2 6 0.099972 7.31 0.321184 5.62 
Aporrectodea caliginosa SP3 448 0.24854 5.22   
A. caliginosa nocturna SP4 4     Aporrectodea longa SP5 149     Aporrectodea rosea SP6 252 0.69968 2.99 0.037944 9.96 
Dendrobaena hortensis SP7 44 0.001125 17.37 0.000018 38.16 
Dendrobaena octaedra SP8 6 0.000017 49.54   
Dendrodrilus rubidus SP9 30 0.000256 21.02   
Lumbricus castaneus SP10 48 0.391599 4.2   
Lumbricus festivus SP11 3     Lumbricus friendi SP12 1     Lumbricus rubellus SP13 122     Lumbricus terrestris SP14 68 0.103323 7.07   
Murchieona muldali SP15 86 0.000017 29.35   
Octolasion cyaneum SP16 21     Octolasion tyrtaeum SP17 17     Satchellius mammalis SP18 17 0.009296 12.52   
 
Figure 9.27 XY Attribute Plot with fitted generalised linear model for pH (left) and arsenic 
(right). Samples are represented by squares (grassland), and circles (woodland). 
Individual Plots 
Individual plots of the species response to environmental variables shows that for some species 
there appears to be more evidence for a species response than for others. These plots highlight the 
apparent positive relationship between soil pH and Allolobophora chlorotica, Dendrobaena 
hortensis, Murchieona muldali and Satchellius mammalis while there appears to be a negative 
relationship between pH and Dendrobaena octaedra and Dendrodrilus rubidus, Figure 9.28. 
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Figure 9.28 Attribute plots of pH and individual species with fitted generalised linear 
model for Allolobophora chlorotica: SP1; Dendrobaena hortensis: SP7; Dendrobaena 
octaedra: SP8; Dendrodrilus rubidus: SP9; Murchieona muldali: SP15; Satchellius 
mammalis; SP18. Samples are represented by squares (grassland), and circles (woodland). 
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The epigeic earthworm Dendrobaena hortensis appeared to respond positively to an increase in 
arsenic concentration. This appears however to be a response to high concentrations in just a small 
number of woodland sites (H2-01W, H2-18W, and H2-06W), and is unlikely to be biologically 
relevant; Figure 9.29. 
 
Figure 9.29 Attribute plot of arsenic concentration and dendrobaena hortensis with fitted 
generalised linear model. Samples are represented by squares (grassland), and circles 
(woodland). 
Explanatory Variable Ranges 
The ranges of pH, the explanatory variable that has been found to contribute most significantly to 
the distribution of earthworms, for each of the earthworm species and are shown in Figure 9.30. 
For pH where sample size is high then the pH range over which the species is found is wide and 
the median value is around pH 6.5, indicating that many of the most common species are 
generalists. The species Dendrobaena hortensis and Murchieona muldali appear to be present at a 
higher pH range, with median values of pH 7.64 and pH 7.45 respectively.  
H2-18W 
H2-06W 
H2-01W 
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Figure 9.30 pH range where earthworm species are found, number of individuals found in 
brackets by species name, diamonds indicate median value.  
9.4 Discussion 
9.4.1 Patterns in Earthworm Abundance  
Further analysis of earthworm abundance data from four areas of England, created by the public 
participation study were shown to have high or low earthworm abundance. Earthworm abundance 
was shown to be significantly higher in grassland sites than in woodland sites. While both 
improved grasslands and deciduous woodlands are known to support the highest earthworm 
biomass, grassland habitats are of particular importance, especially when grazed by livestock or 
mown for amenity purposes (Highland Council 2006). Reasons for the increased abundance in 
grassland over woodland could be attributed to the generally more preferable pH and litter lignin 
content in grassland than in woodland soils. Fertilizer use and grazing management have also been 
strongly correlated with earthworm abundance in grasslands, with greatest abundance associated 
with intensive grassland management (Cuendet 1996). Beneficial effects of mineral fertilizers have 
been attributed to improved litter quality and quantity, while organic manures represent valuable 
additional sources of food for earthworms (Curry 1976, Edwards et al. 1982, Lofs-Holmin 1983, 
Muldowney et al. 2003). It is difficult to draw definite conclusions about earthworm food 
preferences but for many earthworm species it has been estimated as oak > grass > ceanothus  > 
chamise > conifer (Wood et al. 1993). The presence of statistically significant outliers from the 
spatial cluster and outlier analysis demonstrates the high spatial variability in earthworm 
abundance, even in this more controlled study, while the presence of clustering shows that there 
are areas where processes may be influencing earthworm abundance. 
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Analysis of earthworm abundance in each of the four study areas, has not demonstrated a 
convincing case for differences in recovered abundance in the areas appearing to have higher (H1 
and H2) and lower (C1 and C2) earthworm abundance  highlighted by the OPAL Soil and Earthworm 
Survey.  
There does appear to be differences in the geographical distribution between the habitats of 
grassland and woodland. Grassland sites appear to have a more constant value across all four study 
areas than woodland sites; this was demonstrated by the lack of any statistical difference between 
the four areas and fairly constant median abundance values across all study areas. Woodland sites 
do seem to show a greater difference in earthworm abundance between the study areas, and there 
appears to be higher abundance of earthworms in woodland sites in the hotspot areas, than in the 
cold spot areas. This is however not completely supported by statistical analysis as no difference 
was shown between woodland abundances found in C1 and H1.  
A much larger range of abundance was found in woodland hotspots (H1 &H2) than in cold spots 
(C1 &C2) which suggests that the sampling in cold spots may be more representative of general 
conditions than in hotspots. The variability is likely to be a reason for the statistical evidence for 
the hotspot and coldspot of earthworm abundance not being completely supported. It is possible 
that the statistical analysis would have been more conclusive with additional sampling points in 
each of the study areas however the time and cost constraints of this study did not allow additional 
sampling to take place. The relation of earthworm abundance in woodlands to the northerly 
position of the sampling site suggests that climate could be influencing earthworm distribution 
either directly through temperature or moisture tolerances or indirectly though effects on habitat 
and food supply, though this relationship is not supported by further statistical analysis.  
Studies of variability in earthworm populations typically indicate large variability, even within 
single fields, which is often hard to explain satisfactorily (Rossi et al. 1997, Guild 1952, Poier et al. 
1992, Nuutinen et al. 1998). The wide numerical range and geographical distribution of earthworm 
abundances found in this study could be caused by a large number of variables; however the 
interaction between earthworm abundance and soil chemical and physical properties has 
particular consequences for soil quality and protection.  
9.4.2 Distribution of Soil Chemical Contaminants 
For metals and metalloids the analysis and comparison of samples from woodland sites with those 
from surrounding grassland suggest that there are differences in the profile of contaminants that 
are found in the two types of habitat. Metals in soil derive from geogenic and anthropogenic 
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sources, the background concentrations are the element derived from geogenic sources (Schulin et 
al. 2007). It is difficult to quantify the concentration of metals solely from geogenic sources in the 
UK as even remote sites are likely to have a contribution from anthropogenic sources. The ambient 
background can however describe sites where the concentration is predominantly geogenic but 
even then it is likely there has been some anthropogenic input. Due to the lack of speciation in the 
metal analysis in this study it is difficult to fully understand the geochemical processes, potential 
for mobilisation with changes in surrounding chemistry, the bioavailability and the signature of 
sources (Banerjee 2003).  It is particularly hard to apportion sources to those sites where the 
relevant limit value has been exceeded because many of these sites are in areas with high ambient 
background concentrations (Salminen et al. 2005, Appleton et al. 2008). Organic matter is an 
important metal sorbent in the surface horizon of soils (Parks 2002, Strobel et al. 2001, Gustafsson 
et al. 2003). In forest soils the organic surface layers often show an enrichment of heavy metals as a 
result of the air filtering effect of the forest vegetation, and the content of lead and other heavy 
metals in the organic surface layers of forest soils can be taken as an indication of the degree of 
atmospheric deposition. Translocation of metals from subsurface horizons to organic surface layers 
by metal uptake by the plant roots, transport to the over ground parts of the plants and 
accumulation of organic material on the soil surface may cause an increase of metal contents in the 
organic layers (Brümmer et al. 1986). 
The significantly higher concentrations of arsenic and lead in woodland than in grassland may be 
due to the magnitude of aerial sources of these contaminants with the woodland receiving higher 
concentrations due to its ‘roughness’ and plant uptake. For arsenic anthropogenic sources exceed 
natural sources in the environment by 3:1 and aerial deposition may result from mining and 
smelting activities, and the burning of fossil fuels (Mandal et al. 2002). Aerial sources of lead to soil 
can result from historical burning of leaded petrol, as well as from smelting, battery manufacturing 
and other industrial sources (Kuvarega et al. 2008). If speciation was to have been undertaken, 
then the source of lead from use an antiknock additive in petrol could be determined if triethyl- 
and trimethyl-lead compounds were found to be present (Thayer 2010). The increased levels of 
lead in woodland do not agree with the Blake and Goulding (2002) study where the grassland site 
was closer to the road than the woodland site which suggested road distance overrides any 
enhanced scavenging by the canopy of the woodland.  
The higher concentrations of barium and beryllium in grassland than woodland sites, both of 
which are not included in the Blake and Goulding (2002) study is more difficult to attribute a 
source to. The main anthropogenic source of barium and beryllium to soil is through aerial 
deposition; however these contaminants were not present at levels above the SHS ambient level in 
this study. Zinc was found in the Blake and Goulding (2002) study to be the most highly scavenged 
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metal by woodlands, however in this study it was found at higher concentrations in grassland sites. 
A main source of anthropogenic zinc to soil is through aerial deposition of industrial pollution; 
however environmental concentrations will be influenced by agricultural sources (Scientific 
Committee on Health and Environmental Risks (SCHER) 2007), and this may explain the results in 
this study.  
Analysis of soil samples for PAHs suggest that there was a significantly higher concentration of 
∑PAH in woodlands than in the surrounding grassland site by a factor of around 2. This finding 
supports earlier research such as Howsam et al (2000), which found a higher concentration of total 
PAH in woodland than surrounding grassland by a factor of 1.5 – 3. The higher concentration of 
total PAH in woodlands over many pairs of sites seen here also supports the hypothesis that the 
reason for the increased PAH concentration is due to enhanced deposition to the soil under the 
canopy. This by the action of leaf litter, stem flow (flow of intercepted water down the trunk or 
stem of a plant), and/or throughfall (wet leaves shed excess water onto the ground surface) 
(Howsam et al. 2000, Hanchi et al. 1997).  
There were several differences in the PAH profile between grassland and woodlands with the 
contribution to total PAH in grassland sites having a larger contribution from PAHs with lower 
numbers of rings. Woodland sites had a significantly higher contribution to the ∑PAH from some of 
the 4-ring PAHs. While it has been suggested that >5 ring PAHs would exhibit the highest filtering 
effect by woodlands (McLachlan et al. 1998), this appears not to be the case in this study with no 
significant difference between woodland and grassland total concentration in the 5 and 6 ring 
groups. Curiously benzo(g,h,i)perylene (6- ring) had a significantly higher contribution to ∑PAH in 
grassland than woodlands despite its main sources being from incomplete combustion.  
Investigation of PAH sources using ratios of various PAHs indicated that the origin of the PAHs in the 
soil samples collected was almost exclusively pyrogenic. PAHs of this origin are formed through 
rapid, high temperature combustion of motor, bunker (shipping), and power plant (coals and 
petroleum) fuels, and at intermediate temperatures (400−600°C) during the processing of coals 
into coal tars and coal tar products (e.g., creosote or coal tar pitch used in aluminium smelters) 
(Boehm et al. 2008, Boehm 2005). As such, soils sampled in this study are likely to have been 
subject to aerial deposition of PAHs, most likely from vehicle emissions.  The two sites indicated by 
the anthracene/phenanthrene ratio as having PAH present from petrogenic origins was inconsistent 
with other ratios. The sites are not obviously in a location where they would be subject to 
unburned petroleum.  In the environment, anthracene degrades faster than phenanthrene which 
would lead to altered ratios to those used to identify parent PAH source, its usefulness as a marker 
has therefore been doubted (Hwang et al. 2003). More detailed environmental forensics would be 
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possible with further molecular markers e.g., retene, perylene, or coronene, ancillary 
biogeochemical parameters, detailed chromographic fingerprints, concentrations of non-alkylates 
and alkylated PAHs, and use of ratio mixing models (Boehm 2005). Low molecular weight PAHs (2−4 
ring) are considered to be characteristic of long-range transport (Wilcke 2000, Heywood et al. 
2006). The overall elevated levels of PAHs, compared to for example (Wilcke 2000), including 
heavier compounds suggest that despite being collected from rural locations, the soils are 
contaminated by long term aerial deposition of both light and heavy PAHs derived probably from a 
range of industrial and domestic combustion sources (Heywood et al. 2006).  
Soil invertebrates living in close contact with the organic matter, will be exposed to PAHs 
accumulated in the organic layer, which may affect their ecological functioning. Van Brummelen et 
al (1996b) studied the relationship between three isopod species, the earthworm species Lumbricus 
rubellus, and soil PAH concentrations around a blast furnace in the Netherlands. PAH 
concentrations in each species decreased with increasing distance from the blast furnace plant, 
with each of the species containing a specific profile of PAHs. Animal concentrations were found to 
correlate better with PAH levels in humus and fragmentation material than with levels in litter and 
mineral soil, consistent with feeding behaviour.  
This was a ‘real world’ observational study, and therefore circumvents the criticism of laboratory 
experiments of lacking external or ecological validity, or adversely affecting the behaviour of the 
subject. As such, this field study lacked a discrete control group and had many variables to try to 
eliminate (Shuttleworth 2009). This study analysed for common environmental variables that 
might have an influence on earthworm abundance, including common soil contaminant 
concentrations, climatic and soil properties. It is not possible to measure all environmental 
variables in such a type of study however, contaminants such as dioxins, polychlorinated 
biphenyls (PCBs) and brominated flame retardants (BFRs) would be interesting to include if funds 
allowed.  
There was found to be no samples, in woodland or grassland, with concentrations of any of the 28 
organochlorine and organophosphate pesticides above the LOD. Many of these pesticides are 
banned under the Stockholm convention, and all but malathion excluded from Annex 1 of the EC 
Directive 91/414 concerning the placing of plant protection products on the market (EC 1991, UNEP 
2009). The findings of this study suggest that organochlorine pesticides have not been historically 
applied in large amounts to the woodlands and grasslands in these four areas, and so the ambient 
concentration has degraded to such a level that it is below the LOD. A credible commercial 
laboratory was used for pesticide analysis which was based on accepted methods, however for this 
analysis the laboratory was not ISO17025 or mCERTS accredited, which would have increased 
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confidence in the results. Analysis of groups of pesticides that are currently applied to land (e.g. 
pyrethroids - synthetic chemical insecticides and neonicotinoids - a class of insecticides which act 
on the central nervous system of insects) may have shown concentrations above the LOD however, 
these are less environmentally persistent and bio-accumulating and therefore of less 
environmental concern. 
The research that has been presented supports the hypothesis that there are differences between 
contaminant concentration and profiles between woodland and surrounding grasslands. 
Woodlands by their scavenging action represent an important sink for both metals and organic 
contaminants. Despite this finding there are a number of contaminants where the difference 
between woodland and grassland concentrations could not be fully explained (e.g. barium, 
beryllium and benzo(g,h,i)perylene) and further more detailed site studies and speciation may 
help to explain this. Maintaining woodlands on the landscape can help to remove pollutants from 
the air, limiting human exposure. Differences in both organic and metal contaminant 
concentrations in soil may explain differences in earthworm abundance between one area and 
another, especially given the enrichment of organic material with such pollutants. The research 
can conclude that despite tightening regulation, diffuse contaminants are still present in the 
environment in substantial concentrations and should not be excluded from future legislation for 
soil and wider environmental protection.  
9.4.3 Influences on Earthworm Assemblage 
Due to the intimate contact that earthworms have with soil, they have the potential to be 
influenced by levels of contaminants in soil and by soil properties. Soil properties influence not 
only earthworm populations but also the behaviour and availability of pollutants. Correlations 
reveal that there appears to be a relationship between pH, moisture, infiltration, concentration of 
beryllium with the earthworm abundance and species richness. Earthworm abundance additionally 
correlates with zinc concentration and species richness with barium concentration. There is 
existing evidence for earthworm sensitivity to soil pH and moisture (Edwards et al. 1996), and for 
earthworms to have a relationship with soil infiltration rate (Bouché et al. 1997) 
. Earthworms have been shown to be influenced by concentrations of metals (especially lead and 
zinc) (Spurgeon et al. 1996, Filzek et al. 2004).  These initial indications of a relationship between 
the soil chemistry and properties and earthworm abundance and species richness appear on the 
surface to be biologically relevant.  
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The apparent relationship between both earthworm abundance/species richness and soil 
infiltration rate does not appear to be correct due to the lack of a clear gradient in the infiltration 
data in this study. Although there are many studies on earthworms and infiltration in agricultural 
lands, there is a need for research into the influence of compacted studies on earthworms and 
infiltration rates using more precise data collection methods than used in this study.  
Ordination reveals that when habitat type is set as a co-variable that the strongest influences to 
earthworm ecological group assemblage is pH and arsenic.  Similarly, ordination suggests that 
species assemblage is influenced by the environmental variables pH and arsenic. 
For pH the increase in abundance of some species with increasing soil pH agrees with existing 
knowledge, exhibiting a preference for alkaline soils over more acidic soils. The strongest 
relationship with pH in this study was with earthworms in the endogeic ecological group. This 
agrees with previous studies that endogeic earthworms thrived and biomass increased at pH above 
4.8 (Haimi et al. 1992). The pH may at least partly explain the differences in earthworm 
abundances in the broadleaf woodlands seen in this study, and the differences in the OPAL Soil 
and Earthworm Survey. Soil bacterial diversity and community dissimilarities, have also been 
shown to be strongly related to soil pH (Griffiths et al. 2011) .  This apparent similarity in behaviour 
between earthworm and soil bacteria demonstrates the important role of pH in structuring soil 
taxa.  
Results of the ordination appear to support the hypothesis that epigeic species might have a lower 
exposure risk to arsenic than anecic species, from both dermal uptake and in the diet (Langdon et 
al. 2003). The results of this study appear not to agree with a study which found earthworms not to 
discriminate significantly between clean and As-treated soils when concentrations of sodium 
arsenate were below 5000mg kg-1 (Langdon et al. 2001).  
This study did not determine the chemical form (speciation) of arsenic, or other chemicals present 
in the soil samples. The chemical form in which metals are presented to earthworms is an 
important factor in determining the level at which toxicity appears (Edwards et al. 1996), and the 
chemistry of arsenic and its various inorganic and organo-metric compounds in the environment 
and in biological systems is very complex (Langdon et al. 2003, Irgolic 1986). The bioavailability 
and toxicity of arsenic is highly dependent on its chemical form, with the inorganic forms of 
arsenic being generally much more toxic than the organo-arsenic forms (Geiszinger et al. 1998). A 
study found that the major arsenic compounds detected in earthworms were arsenous acid and 
arsenic acid (Geiszinger et al. 1998). 
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Arsenic concentrations in the natural environment have increased because of a number of 
anthropogenic activities. Such activities have progressively transferred arsenic from the geosphere 
into the surface environment and have distributed it through the biosphere where it poses a 
potential risk to humans and the wider environment (Plant et al. 2013). Speciation could help to 
determine the source of the apparently elevated levels at some sites, and may determine between 
geogenic and anthropogenic sources.  
The concentrations of arsenic found in this study (max 82.50 mg kg-1) are well below the values at 
which earthworms were seen to discriminate, and below the reported LC50 value. The positive 
association between the earthworm species Dendrobaena hortensis and arsenic concentrations 
appears to be driven by three sites with elevated arsenic concentrations compared to other sites.  
The range of topsoil pH show that common species (e.g. Aporrectodea caliginosa, Allolobophora 
chlorotica) are generally tolerant to a wide range of soil acidity and arsenic concentrations, while 
rarer species may exhibit increased sensitivity to soil physical and chemical properties.  
The horizontal distribution of earthworms is complex and structured at different spatial scales 
with the distribution of species featuring clusters, defined as regions of either relatively large or 
low density (Rossi 2003a, Perry et al. 1999). The density of samples in this study is likely not to be 
high enough to determine small-scale spatial variability in earthworm distribution and species 
assemblage. Studies have suggested that collecting at least 40 earthworm samples per hectare from 
38 cm × 38 cm quadrats with a combination of handsorting and formaldehyde extraction would 
likely provide a reliable estimate of earthworm populations from sites Canada (Whalen 2004, 
Whalen et al. 2003). Further high-resolution field studies are required to confirm how many 
samples and what sampling frequency are needed to adequately explain the spatial and temporal 
distribution of earthworm populations and how they relate to anthropogenic influences.  
This study has demonstrated that earthworm abundance, ecological group and species 
assemblages appear to be influenced by complex and interrelated factors. It reinforces the existing 
knowledge that earthworm distribution is highly sensitive to soil pH with few earthworms present 
below pH5.5. Finding that earthworms are potentially impacted by concentrations of metals the 
sources of which can be both natural and anthropogenic, it suggests that human activities could be 
influencing soil biodiversity even in these relatively uncontaminated sites. The findings of this 
chapter have impacts on soil functions including the storing filtering and transformation of 
substances, and being a biodiversity pool.  
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10 Overall Discussion 
10.1 Policy drivers for soil protection  
Soil is vital for a sustainable environment, but there are increasing signs that its condition has been 
neglected. As has been detailed in this work, although a number of general environmental 
policy instruments are currently in place that provide some aspects of protection for soils, many 
countries do not have specific legislative or policy tools developed for soil protection.  
Chapter Five of this work details some of the policy challenges for soil protection, highlighting the 
importance of more holistic protection of soil resources in the context of wider environmental 
protection. Moreover, with sustainable ecosystem services becoming an increasingly important 
policy goal, monitoring of soil will become significant in assessing ecological quality and 
determining the effectiveness of management and protection measures taken. Ecosystem 
monitoring should consist of the integrated measurement of the chemical, physical and biological 
characteristics of soil (Posthuma et al. 2011). Monitoring and protection of soils along these three 
levels requires further development of local and multilateral legislation for soil protection. 
An example of regional environmental legislation is from the European Union, where European 
Environmental Action Programmes (EAPs) direct the work of the European Commission in the 
environmental field. They have been said to have moved beyond the limits of the ‘environment 
competences’ and leading from ‘geopolitics’ to the ‘biosphere’ era. 
The 6th EAP (2002- 2012) delivered an incremental improvement over more ‘mature’ environmental 
legislation on air, waste and enacted legislation in relation to pesticides. It also introduced new 
open-ended programming on the marine environment, other issues regarding pesticides, and soil 
(Van Ermen 2010). The sustainable use of soil was highlighted as a priority in the 6th EAP, as one of 
the key persistent environmental problems. The EU Soil Thematic Strategy, the last of seven 
thematic strategies developed under the 6th EAP, has strengthened policy integration and improved 
the knowledge base. The European Council has however not been able to make full progress on 
this issue, with soil remaining the only principal pillar of environment policy and legislation that 
remains to be consolidated and completed. The lack of implementation of the Soil Framework 
Directive has limited the ability to reach the 6th EAP objective on soil management practices in the 
EU (EC 2011). This study has highlighted the lack of consensus that exists surrounding soil quality 
assessment and the identification of areas at risk of degradation. This has contributed to 
difficulties in negotiations surrounding the proposed EU SFD.  
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The 6th EAP has been criticised for not sharing the ambitious goals of its predecessors, and being 
both more reluctant to set targets and to identify key instruments (Hey 2005). A final assessment 
of the programme showed that there has been development in environmental policy; however, 
there have been shortfalls in its implementation (EC 2011). There has been calls for the successor to 
the 6th EAP to describe in an un-ambivalent manner the environmental challenges facing the EU, 
including accelerating climate change, deterioration of ecosystems and increasing overuse of 
natural resources (European Environmental Bureau 2011).  
A further criticism of the 6th EAP was that it is too dense and complex, and too bogged down in 
detail. Karl Falkenberg, director-general of EU Directorate-General for the Environment recently 
stated that ‘We have many instruments at our disposal’ but that ‘the implementation of these 
instruments is sometimes difficult because certain partners [the European Council] have a different 
definition of what is meant by an action programme’. This is a reference to the soil framework 
directive, being blocked by member states. The European Commission and Members of the 
European Parliament have further criticised the European Council, for blocking the soil framework 
directive (Europolitics 2012). 
The 7th EAP should consist of the European commission’s ten year action programmes which build 
upon on a ‘Vision 2050’ and the seven thematic strategies of the 6th EAP (Hey 2010), including the 
thematic strategy on soil protection. European environmental policy is likely to be heavily 
influenced by the economic situation, and soil protection policy is likely to face increased 
competition for resources in light of the financial difficulties at a global, European and country 
level. Action programmes are also likely to be strongly influenced by resource efficiency measures 
and the European Sustainable Development Strategy, with the Resource Efficiency Flagship 
Initiative (under strategy EU 2020) integrating environmental objectives into it (Council of the 
European Union 2010). 
The Resource Efficiency Policy (published January 2011) is one of seven flagship initiatives that 
were developed to support the objective of the Europe 2020 strategy (approved on 17 June 2010) to 
overcome the economic crisis in Europe and help the European economy to prepare itself for the 
coming decades. As a result of the initiative, at European level, the resource efficiency policy has 
been placed at the core of the priority policies, since it is considered as a broad policy concerning 
energy, waste, biodiversity, raw materials, the earth and the ground, and water (Bruxelles 
Environnement-IBGE 2010). The 7th EAP is an opportunity to set the environmental framework 
conditions to implement a new approach to economic development (European Environmental 
Bureau 2011), however it has significant challenges to remain coherent with many competing policy 
drivers, Figure 10.1. 
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Figure 10.1 Policy drivers behind the possible 7th EU Environmental Action Programme 
The 7th EAP has been presented as the framework to develop polycentric tools to strengthen action 
at Member State and Local levels to protect the common goods. This includes local action on 
climate and air quality, water, health and importantly land, soil and biodiversity (Van Ermen 2010). 
There are strong arguments for continued development of harmonised soil protection policies in 
Europe in any forthcoming environmental programmes.  
In particular, arguments in favour of an EU SFD have been laid out by the European Environmental 
Bureau and the DNR (German League for Nature and Environment), as a rebuttal to comments 
from opponents of the proposed directive (Nadin Sauer et al. 2011). Their case for a common 
European approach to soil protection states that challenges to such an approach do not stand up to 
scrutiny on the following grounds: 
1) it is more costly to do nothing; 
2) harmonisation does not lead to additional effort; 
3) EU regulations will only intervene where action is needed; 
4) subsidiarity is no excuse for a lack of solidarity; 
5) data are needed to clarify certain points; 
6) soil conservation creates jobs; 
7) the member states are responsible for maintaining high standards. 
Significant efforts to provide scientific guidelines on possibilities for EU wide soil parameter 
harmonisation have taken place. These were based on detailed information on current risk 
assessment methodologies of soil threats encountered within EU Member States (van Beek 2009). 
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However, despite this effort, since the projects final meeting in 2009 there has not been much 
movement in negotiations. Where existing policy or legislation does relate to soil, it is generally 
limited to the protection of a specific impact or function of that soil with policies spread across 
many policy areas. This work has suggested that to assist in the implementation of emerging 
legislation, soil protection policy must move toward holistic protection and management, with an 
increased recognition of the ecological value of soil, as there has been for policies on air and water. 
10.2 Costs and benefits of soil degradation, protection policy and 
citizen science 
The main criticisms of the proposed SFD, which have led to its slow transition through the policy 
making process, are that it would impose considerable administrative and cost burdens on both 
public authorities and businesses, and that it is unnecessary as it duplicates soil protection already 
provided under existing EU and national environmental legislation (PLC Environment 2011). One of 
the major contributors to the cost of implementing the proposed policy measures would be 
collection of data for the requirement to identify soils at risk of degradation. For this reason, this 
work has suggested that a risk-based approach is applied using members of the public to collect 
data, which will then focus detailed assessment on those soils at greatest likelihood of being 
subject to soil degradation. This will allow assessment and therefore ultimately protection of those 
soils at greatest need earlier in the process. It would also allow further emphasis to be placed on a 
smaller number of locations, which could lead to cost and resource efficiencies. 
Degradation of land represents a loss of natural capital, the value to society of land, water, plant, 
and animal resources. A study by Berry et al (2003) included the following in their assessment of 
the cost of land degradation: 
• The direct contribution to primary production in crop agriculture, livestock raising, fishing, 
and related industries such as commodity marketing and processing; 
• the quality of environmental services indicated by such processes as changes in stream flow, 
silting of dams, reliability of irrigation water flow, decline in quality of drinking water, etc.; 
• biodiversity, both natural (flora and fauna) and agricultural (genetic diversity of crops and 
domestic livestock). 
• costs related to changes in rural society due to processes such as migration and associated 
loss of human capital and break up of communities, social costs of poverty, and reduced 
ability to invest in anti-degradation activities. 
The costs of loss of natural capital are borne by individuals, communities and by the broader 
economy, and result in changes in economic, human, social, and landesque capital (any 
investment in land with an anticipated life well beyond that of the present crop, or crop cycle) 
(Berry et al. 2003, Blaikie et al. 1987). Evidence shows that society bears this cost in the form of 
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damage to infrastructure due to sediment run off, increased health-care needs for people affected 
by contamination, treatment of water contaminated through the soil, disposal of sediments, 
depreciation of land surrounding contaminated sites, increased food safety controls, and costs 
related to the ecosystem functions of soil (European Environment Agency 2010). 
The extent of land degradation determines specific effects in terms of the loss of ecosystem 
services and the benefits that humans derive from them. The loss gives rise to both on-site and off-
site costs, and direct and indirect costs. On-site and off-site costs are related to the location where 
the costs arise and whether they are considered in land-use decisions. Direct and indirect costs 
relate to the consequences of land degradation (Nkonya et al. 2011). 
The significance of land degradation is often assessed in terms of ‘lost’ agricultural production, 
sometimes referred to as the ‘production equivalent of degradation’ approach. This involves 
estimating the change in production at a farm or regional level and applying a value to this change 
in production (Mullen 2001). In 2004, the UNCDD estimated the annual income foregone worldwide 
due to land degradation to be US$42 billion and the costs associated with inaction are estimated at 
one to three percent of the gross domestic product (GDP) of developing countries. In most cases, 
investment in combating desertification is one order of magnitude below this amount (UNCCD 
2004). 
The impact assessment that accompanied the EU Soil Thematic Strategy (EC 2006c) cites several 
studies that demonstrate significant annual costs of soil degradation to society. These costs are in 
the ranges of: erosion: €0.7 – 14.0 billion 1; organic matter decline: €3.4 – 5.6 billion; compaction: 
not possible; salinisation: €158 – 321 million 2; landslides: up to €1.2 billion per event, 
contamination: €2.4 – 17.3 billion 3; sealing: not possible 4; biodiversity decline: not possible 5.  
The costs of implementation of the SFD are mainly derived from the requirement for the 
identification of risk areas for degradation and of contaminated sites. To implement the soil 
degradation risk area identification using a harmonised monitoring system, costs were estimated 
to be €2 million per year for 50 years in the EU25 excluding any administrative costs. The costs to 
                                                        
1 This estimate covers only costs of erosion in 13 countries, including the major Member States where erosion 
occurs. Data is not available for the others 
2 This estimate covers only the costs of salinisation in three countries; data is not available for others. 
3  An independent study estimated that the costs of soil contamination could amount annually to up to €208 
billion. Nevertheless, this estimate had a high degree of uncertainty; therefore, the intermediate value of €17.3 
billion per year was retained. 
4 There was no sufficient information to estimate the costs derived from sealing of soil. Thus no quantitative 
assessment could be made. 
5 The loss of soil biodiversity is not fully understood from a natural science perspective. Therefore, no quantification 
of these impacts and costs could be given. 
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establish an inventory of contaminated sites, based on a preliminary inventory are estimated at 
around €51 million per year for the whole of the EU for the first five years. This first five year period 
will be followed by onsite investigations to check if there is a serious risk to human health or the 
environment, which could cost up to €240 million during the full 25 year period provided for 
completing the inventory. Subsequent measures to combat the problems will be taken by 
individual Member States. The requirement to take measures to address soil threats requires that 
states decide on risk acceptability, define targets and take measures to protect those targets. Due 
to the nature of the requirements, it was not possible for a cost to be ascribed to these in the 
impact assessment (EC 2006c). There has been criticism of the impact assessment that it makes no 
quantitative assessment of the benefits of the proposed actions, or of many of the costs which 
those actions themselves would entail. It does not include a comparative cost-benefit analysis of 
the policy options for achieving reductions in the various forms of soil degradation which are 
examined (Scottish Executive 2007). 
A study that describes the methods used in the impact assessment for soil erosion and related 
forms of soil degradation, presents an assessment of the costs and benefits of soil conservation 
measures (Soil Thematic Strategy) (Kuhlman et al. 2010), Table 10.1. This cost benefit analysis 
however still neglects to consider what may happen without the Thematic Strategy. 
In the UK, a consultation and initial regulatory impact assessment (RIA) on the Thematic Strategy 
for Soil Protection was issued jointly by the DEFRA, the Scottish Executive and the Welsh Assembly 
Government. In terms of the costs that could be quantified, the SFD as originally proposed would 
result in total discounted costs of between £1.5 billion and £3.7 billion. Including on-going costs, 
the annualised discounted costs would be between £60 million and £150 million per year, for 25 
years (DEFRA 2007). The suggested costs were calculated for the identification of risk areas in 
England and Wales only and that further expenditure would be required to complete the exercise 
for Scotland and Northern Ireland. The assessment states that if re-sampling of soil organic matter 
is required, (it was unclear if UK data are compatible with the requirements), this would cost 
around £500,000. It also states that costs may be higher due to the Commission being able to alter 
the criteria which member states are required to use in identifying risk areas, and will depend on 
the scale at which member states are required to identify areas. The costs of the prevention of soil 
contamination requirements have been assessed as being substantial. The Environment Agency 
estimates that 100,000 sites would require sampling in England and Wales and could cost £1 billion 
to £2 billion. Where the preliminary sampling suggests a possible significant risk to human health 
or the environment, a full site investigation and site-specific risk assessment will be required with 
further investigation costs in excess of £250 million - £1.5 billion. Costs of running awareness 
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raising campaigns suggest set up costs of £2 million, with on-going costs of £0.5 million per year 
(DEFRA 2007). 
If the SFD were adopted in the initial proposed form, analysis suggested that UK government and 
industry would incur significant additional costs, especially with regard to the contamination 
aspects of the package. A cost benefit analysis was carried out of various options for 
implementation of the thematic strategy and proposed directive, Table 10.2.  
The German government commissioned a study into the anticipated additional costs that may be 
accrued by its local authorities following the entry into force of a soil protection directive 
(Nationales Zentrum für Bürokratiekostenabbau 2010). Unlike the UK RIA this later study takes into 
account the proposed compromise submitted by the Czech Republic during its Presidency of the 
Council of Ministers (EC 2009b). The results show that the municipalities would bear most of the 
burden that the implementation of the SFD in Germany would impose on the federal government, 
federal states and municipalities. The study estimated that a total of € 317.227 million would arise 
in annual costs for all levels of Government, with the local level governments responsible for most 
of these costs, some €273 million. The total one-off costs at all levels of government were estimated 
to be between € 2.6 billion and € 31 billion; the considerable difference is due to different possible 
scenarios being taken into account. When the present value discount is disregarded, the estimated 
one-off costs total €288.69 million, with the largest share by far (€ 222.4 million) being attributed 
to the local governments (Nationales Zentrum für Bürokratiekostenabbau 2010). The same study 
estimated identification of priority areas to have one-off costs to the German federal government 
of €108 thousand, with a further €108 thousand in one-off costs, and €5.4 million in annual costs to 
regional governments (Nationales Zentrum für Bürokratiekostenabbau 2010).  
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Table 10.1 Overview of quantifiable costs and benefits of soil conservation (Soil Thematic Strategy) in Europe (Kuhlman et al. 2010) 
Package Practices Threat at 
which it is 
aimed 
Cost per ha 
per year for 
package (€) 
Risk area (m 
ha) 
Total cost of 
package per 
year 
(million €) 
Current yearly 
Expenditure 
(non-action 
scenario) 
(million €) 
Additional 
cost of 
proposed 
policy 
(million €) 
On-site 
benefits per 
year 
(million €) 
Off-site 
benefits 
per year 
(million 
€) 
Balance: net 
benefit per 
measure 
(million €) 
serious erosion 
(>10 t/ha/yr) 
conversion of arable land into 
forest  
conversion of arable land into 
pasture 
terracing (construction) 
terracing (maintenance) 
buffer strips 
residue management 
cover crop 
conservation tillage 
erosion, SOM 
loss, 
compaction 
296 8.1 2398 1292 (erosion & 
SOM loss 
measures 
combined)  
11578 3250 1800 -1354 
moderate to 
serious erosion 
(2-10 t/ha/yr) 
buffer strips 
residue management 
cover crop 
conservation tillage 
erosion, SOM 
loss, 
compaction 
140 22.7 3178 
moderate 
erosion (0.5-2 
t/ha/yr) 
linear elements contour 
ploughing residue  management 
cover crop 
conservation tillage 
erosion, SOM 
loss, 
compaction 
120 31.3 3756 
level areas, 
SOM loss only 
residue management cover crop 
conservation tillage application 
of EOM 
SOM loss, 
compaction 
116 30.5 3538 2057 3117 
specific 
anticompaction 
measures 
low-pressure tyres compaction 4.5 40.4 182 60 122 1027 - 905 
level areas, 
salinisation 
drip irrigation salinisation 1076 7.15 7688 384 7304 2887 606 -3811 
soil protection in 
forests 
reduced-impact logging erosion, SOM 
loss, 
compaction 
450 1.2 547 109 438 18.2 280 140 
soil protection 
on construction 
sites 
safe stormwater disposal, 
sediment trapping, 
seeding, stabilized entrance 
erosion 22159 0.011 246 0 246 0 60 -186 
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Table 10.2 Summary of costs and benefits of various options of implementing the EU Soil 
Thematic Strategy and proposed soil framework directive (DEFRA 2007) 
Option Benefits of Option   Costs of Option   Estimated Net Benefit 
(Benefit – Cost) 
Business as Usual  n/a   n/a   n/a 
Strategy plus Directive £minimal   £1.5 billion to  £3.7 
billion   
- £1.5 billion to -£3.7 
billion 
Strategy plus revised 
Directive* 
£minimal   £10 million to £11 
million 
- £10 million to -£11 
million  
Soil Thematic  Strategy £minimal   £minimal   £0 
*Revised Framework Directive that would better reflect the principles of proportionality, subsidiarity and better regulation, and 
afford Member States more flexibility in meeting Directive requirements. Including provisions which would build on existing 
national and EU arrangements, and would closely reflect the soil protection and improvement regime already in place in the UK 
Across the EU the cost of targeted monitoring is likely to be significantly lower than the 
implementation of a harmonised monitoring system, however for costs to be calculated a full 
appraisal of existing data needs to be undertaken (EC 2006c). Despite revisions to the proposed EU 
SFD that have aimed to introduce flexibility in the identification of risk/priority areas (EC 2010e) a 
number of member states still remain critical of the proposed directive (EC 2010e, PLC Environment 
2011, Local Government Association 2010).  
By contrast the economic benefits of citizen science are clear. The overarching benefit of openness 
in access and participation is return on investment, not just for funders and researchers, but also 
for the public who ultimately fund and benefit from research (Currier 2011). At its extreme 
ecotourism, is a source of income for research projects, with organisations such as Earthwatch 
partnering environmental projects with members of the public who pay for spending time assisting 
with field research (Silvertown 2009, Brightsmith et al. 2008). The saving on salary costs can also 
be substantial, for example, Cornell’s Project FeederWatch participants pay fees that support the 
project, while also contributing effort valued at $3 million per year (Dickinson et al. 2010). The use 
of interest groups enables the Biological Records Centre, UK to gather records derived from an 
estimated 75,000 hours of wildlife recording time (DEFRA 2011a). One volunteer to the Breeding 
Birds Survey in the USA is estimated, by setting the uniqueness of the data set aside and counting 
just the number of hours, to have contributed time to the value of $70 thousand (Droege 2007). In 
developing monitoring capability for biodiversity a major barrier will be funding, and is a 
requirement for cost effective techniques for monitoring. Expansion of citizen science has been 
seen as a mechanism to achieve this (Sier et al. 2011). 
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10.3 Citizen Science and Soil Protection Policy 
Use of members of the public to collect data on environmental issues, in particular soils, has a 
number of policy implications. It has been highlighted that for soil protection policy there is a 
need to maintain the capacity to collect new data in order to report changes over time and take 
informed decisions based on actual soil condition and not outdated or estimated information 
(Montanarella 2010). A key element of DEFRA’s ‘Safeguarding our Soils’ strategy is to improve the 
evidence base and fill in gaps in knowledge and to ensure that policy development is based on the 
latest scientific information (DEFRA 2009a). Data that is currently used as the basis for soil 
protection decision making is generally high resolution, robust and of high quality. This comes at 
the expense of taking a relatively long time to collect and process. An example of such a 
comprehensive data set is the original data collection for the National Soil Inventory (now NSRI) in 
England and Wales which dates from 1978-83, with some re-sampling in the 1990s and 2000s (MAFF 
et al. 2000). A further example, demonstrating the long time scales involved in collecting data on 
soils, is the BGS G-BASE survey. This started with baseline geochemical mapping in the late 1960s, 
with soil sampling starting slightly later; and is due to have a complete coverage of the United 
Kingdom (by stream sediment samples) by 2020.  
Although there are some more regular monitoring schemes, such as the Representative Soil 
Sampling Scheme (RSSS), the Countryside Survey and Environmental Change Network, these still 
have a sampling frequency of 5 – 10 years and collect data from a much smaller number of sites 
than the National Soil Inventory (DEFRA 2003). Use of surveys making use of citizen scientists can 
provide data at a large number of sites, including some that would not be accessible using 
established methods. This data can be collected relatively quickly once survey methods are 
established. This can be illustrated by the OPAL Soil and Earthworm survey, which received over 
3000 responses in the first five months after launch, and is one of the largest datasets in England of 
data on domestic garden soils. This rapid collection of data brings benefits of the potential for 
monitoring changes in the condition of soils over time. It also could allow the data collected and 
survey methods to be adapted relatively quickly to changes in environmental or policy priorities. 
As has been stated in this work a major obstacle for implementation of soil protection policy has 
been concerns over implementation and data collection and the significant financial and 
administrative burdens associated with such work. Cost has been seen as a major criteria for the 
choice of Risk Area Identification according to Soil Threats (Eckelmann et al. 2006, Heesmans 
2007b). Environmental data can be difficult and expensive to collect (Thorley 2011). An example of 
this is the cost of soil sampling in the BGS G-BASE programme; this was estimated to be £35 a sample 
in 2007, and laboratory analysis of soil samples to be £47.60 (Johnson 2007). Citizen science offers 
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the opportunity to collect data at a low cost (the OPAL Soil and Earthworm Survey material costing 
c.£1 in 2009) and using fewer resources compared to conventional soil survey methods. The costs 
associated with public survey materials can be a fraction of the costs seen for traditional soil 
sampling, and even satellite data (the European Space Agency Soil Moisture and Ocean Salinity 
satellite (SMOS) cost around £280 million for three years of operation).  
As suggested by this work, and demonstrated by the use of public data to target fieldwork 
investigations, real benefits could come from the use of public data to screen locations for further 
more detailed investigation. It offers efficient deployment of resources, allowing money to be spent 
investigating those areas in greatest need. Combined with the ability to collect large datasets over 
relatively short timescales by the public; the use of data to prioritise investigation should lead to 
those sites with highest priority being investigated earlier in the process. Investigation of these 
sites earlier could allow limitation of pressures and remedial actions to be taken, which could lead 
to additional savings as inaction would cause to increased costs.   
The EU Thematic Strategy for Soil Protection highlighted the ‘little public awareness of the 
importance of soil protection’ and that ‘measures to improve knowledge and exchange information 
and best practices are needed’ to fill the gap (EC 2006f). Further to this, the First Soil Action Plan for 
England recognised the lack of education and an goal was included to improve education and 
awareness among the general public, those working with soils and the professionals that guide, 
advise or instruct soil managers (DEFRA 2004). Public education of the importance of soil for 
human and ecosystem survival are likely to be requirements of forthcoming policies. The proposed 
soil framework directive requiring that ‘Member States shall take appropriate measures to raise 
awareness about the importance of soil for human, biodiversity and ecosystem survival, of preventive 
measures for preserving soil functions, to promote the transfer of knowledge and experience for a 
sustainable use of soil’ (EC 2010c). As stated earlier, the DEFRA initial regulatory impact assessment 
put start up costs of £2 million, and annual costs of £0.5 million on these awareness raising 
activities in the UK alone (DEFRA 2007). 
Public surveys by their very nature educate participants about, and raise awareness of, the subject 
matter. In the case of the OPAL Soil and Earthworm Survey, the survey materials themselves 
included educational materials, with substantial additional material available to participants 
online. In addition, the inclusion of public surveys as school activities raises awareness of soils and 
soil biodiversity from a young age. Where the surveys are distributed by schools to be taken away 
and carried out at home, this potentially raises awareness of whole families to issues related to soil 
protection. Working directly with scientists increases potential awareness, and significance of the 
information communicated further.  
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Increasing the dialogue between scientists, policy-makers and the public on environmental issues 
has become an important issue, related intimately to challenges in communication between the 
different parties. Horizontal legislation concerning the rights of the public regarding access to 
information, participation and access to justice in governmental decision-making processes on 
matters concerning the local, national and transboundary environment apply. These include the EU 
Directive 2003/35/EC Providing for Public Participation in Respect of the Drawing up of Certain 
Plans and Programmes Relating to the Environment, and the Aarhus Convention on Access to 
Information, Public Participation in Decision-making and Access to Justice in Environmental 
Matters (UNECE 1998). Participation has been seen as a prerequisite for successful implementation 
of environmental legislation, including the EU Water Framework Directive. A widening of public 
participation is a means to increase transparency in environmental policies and public compliance 
(Peuhkuri 2006). The proposed soil framework directive explicitly defines public participation as a 
key element stating that ‘Member States shall ensure that the public is given early and effective 
opportunities to participate in the preparation, modification and review of the action programmes’. 
Through improved education of the public and dialogue between scientists, policy makers and the 
public on issues of soil protection would allow public participation to become increasingly feasible. 
There are additional benefits of a greater acceptance of policies for environmental, and soil 
protection, through direct involvement of members of the public in implementation. Further to 
using the public for data collection, public participation and input into policy making can be 
increased through setting up of stakeholder networks for soil protection issues. Any potential soil 
protection policy will have implications for related instruments. Strong links exist between 
biodiversity and soil and it has been stated that EU biodiversity targets will not be met without a 
Directive on soil (Potočnik 2010). This study highlights the complexity of the relationship between 
soil and the organisms that inhabit it. There has been a call for soil protection and biodiversity to 
be managed at a catchment scale in line with a move toward integrated catchment management as 
seen for the EU Water Framework Directive (Chon et al. 2010).  
In the era of sustainability, the need for ecological soil indicators has grown enormously 
(Posthuma et al. 2011) and more research is required in order to obtain a better understanding of 
the relationship between soil degradation and soil biodiversity. The Thematic Strategy for Soil 
Protection does not cover soil biodiversity directly instead stating that not enough is known about 
soil biodiversity and that it will be addressed in the 7th Framework Programme (EC 2006a). The EU 
7th Framework Programme for research and technological development (2007-2013) contains a 
chapter on support for research into soil functions and soil protection (EC 2006b). This has led to 
important projects on soil biodiversity such as EcoFINDERS and SOILSERVICE (Hol et al. 2010).  
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The public’s proven ability to collect useful information on organisms through many programmes 
ranging from censuses of populations to helping to answer questions about impacts of 
environmental and habitat changes on species, has potential to be applied further to soil 
biodiversity. In addition, there is a crucial requirement for an increase in the level of awareness of 
the public and people working with soil about soil biodiversity.  
Evaluation of the environmental pressures can be achieved by applying the DPSIR framework to soil 
biodiversity. Based on this approach, Figure 10.2 details the main pressures on soil biodiversity, and 
the related driving forces (Jeffery et al. 2010).  
 
Figure 10.2 Driver Pressure State Impact Responses framework applied to soil biodiversity 
(Jeffery et al. 2010). 
The European Commission Joint Research Centre (JRC), have produced a map of soil biodiversity 
potential threats (Jeffery et al. 2010), Figure 10.3, in support of EU policies including the EU’s 
Thematic Strategy on Soil and the EU Biodiversity Action PlanError! Reference source not 
found.. The map has been produced by selecting and ranking on the basis of expert evaluation, 
considering the following threats: 
• land use change/habitat disruption; 
• human intensive exploitation; 
• invasive species; 
• soil compaction; 
• soil erosion; 
• soil organic matter decline; 
• soil pollution. 
This shows several parts of the UK and central Europe as having high potential threats to 
biodiversity determined by the combined effect of high intensity agriculture, with a high number 
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• Environmental policy
• Soil protection
• CHANGE OF THE ECOLOGICAL STRUCTURE
• Change of ecosystem functions
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SOIL BIODIVERSITY DECLINE
• Loss of biological diversity
• Reduction of soil organisms quantity
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of invasive species and by the risk for soil to loose organic carbon (Jeffery et al. 2010). Soil 
biodiversity remains a crucial issue in the protection of soils and ecosystem services. The complex 
mixture of a lack of understanding of the natural and anthropogenic dynamics has been 
highlighted by this work. 
 
Figure 10.3 Soil biodiversity potential threats selected and ranked on the basis of Expert 
Evaluation, realised on the basis of the Budget Allocation approach. The following threats 
have been considered in the calculation of the indicator, where data existed: Land use 
change/Habitat disruption, Human intensive exploitation, Invasive species, Soil 
compaction, Soil erosion, Soil organic matter decline and Soil pollution (Jeffery et al. 2010) 
There are multiple drivers for a move toward public participation in harmonised soil protection 
policy especially considering the gap in protection of soil biodiversity. Figure 10.4 provides an 
overview of the major critical factors for a public participation approach to harmonised approach 
to soil protection and associated impacts as drivers for this trend. This includes the increasingly 
important issue of economic demands on government spending, and the requirement for 
harmonisation of environmental policies. There has been a great push for public participation in 
environmental decision-making and this work has emphasised the great potential of the public to 
collect data for use in the process of assessment of soils at risk of degradation. The work also 
stresses the requirement for expert analysis and scrutiny of public data, following up apparent 
trends with more detailed investigation.  
Critics of the proposed Soil Framework Directive state that ‘it is unnecessary as it duplicates soil 
protection already provided under existing EU and national environmental legislation’ (PLC 
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Environment 2011). It is accepted that soil protection features in existing and planned community 
policy. It would be helpful to the negotiation of the proposed Framework Directive to update the 
impact assessment accompanying the soil thematic strategy to include regulatory aspects, detailing 
how the directive would interact with existing regulation. For the purpose of incorporating the 
findings of this study it would also be necessary to investigate the regulatory environment 
surrounding public data in decision making, both nationally and at an EU scale.  
The scale over which soil processes and soil organisms operate varies greatly and is not well 
understood. The interconnection between the spatial and temporal scales over which soil 
processes and soil organisms operate is a subject for further work. This knowledge would have 
consequences for risk assessment for soil degradation, implementation of catchment scale 
management and measures to protect and improve soil biodiversity.  Research might involve high-
density sampling of both soil organisms and properties over multiple distances, and include 
organisms beyond those in this study (including bacteria, fungi, nematodes, insects, and 
vertebrates, such as moles and badgers). An additional challenge is that, similarly to soil quality, 
no consensus has yet been reached concerning the use of a set of indicators to express soil 
biodiversity, and there is no clear definition of the term ‘soil biodiversity’. Despite this, there are 
clear interactions between soil biodiversity and soil degradation processes, such as soil organic 
matter decline and compaction.  Loss of biodiversity may threaten the performance of ecosystem 
services such as agricultural production, groundwater and surface water cleaning and climate 
regulation (Rutgers 2010), this has clear implications for soil protection and policy drivers and 
requires substantial research investment. There remains large uncertainty about how 
contaminants and mixtures of contaminants behave in soil, their background concentration and 
effect on soil organisms. This is especially true for ‘emerging contaminants’, nano-materials, 
pharmaceuticals, and consideration of land deposition of biosolids (e.g. sewage sludge from the 
treatment of waste water, compost from source segregated biodegradable municipal solid waste 
(BMW), and compost-like outputs (CLOs) from the biological treatment of mixed residual municipal 
solid waste). 
If the next generation of environmental law and soil protection policy is to succeed then the 
challenge of democratic participation must be addressed (Flournoy et al. 2010). A potential 
solution is to better tackle environmental baselines and deviations from baselines by encouraging 
citizen science. This requires that mechanisms for support and evaluation of citizen-collected data 
are further developed by government and environmental decision makers. 
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Figure 10.4 Cause & Effect ‘Fishbone’ diagram showing major critical factors for change toward increased public participation in harmonised 
soil protection policy and associated drivers. 
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10.4 Implementation of Citizen Science in Soil Protection 
A strong evidence base is an essential prerequisite for implementation of informed management 
strategies for the environment. There have however been developments and challenges to the 
policy landscape, which have required regulators to change the way that evidence is collected and 
used to address existing and unresolved environmental problems. To date evidence collection for 
environmental problems, and particularly soil science, has relied on extensive survey based 
monitoring regimes to gather data. Such monitoring can be prohibitively expensive, and require 
substantial resources. Conversely, in the environmental policy arena there are limited financial 
resources to carry out substantial and repeated environmental monitoring.  
The anthropogenic effects on the environment have become more far-reaching, and there has been 
an increase in knowledge of potential environmental impacts of human actions. This increase in 
understanding has seen a bigger demand and need for monitoring to protect the environment and 
human health.  With the increasingly complicated, multifaceted and global nature of threats and 
pressures to the environment, there has been a corresponding increase in the amount and 
complexity of environmental sampling and analysis required. These have led to increases in costs 
of sample collection and analysis through surveyor time, sampling equipment and complexity of 
analytical equipment.  
Given the increased complexity of monitoring required to adequately observe environmental 
change, there is an issue over the resolution that available resources can be used to collect one off 
and repeated environmental measurements. As detailed in this work, soil properties vary 
considerably geographically, exemplified by the 10,000 different types of soil in Europe and 700 
types in Britain (EC 2010f, Buol et al. 2003).  Soils are known to have heterogeneous physical, 
chemical, and biological properties, with different properties having different degrees of variability 
(Mallants et al. 2011).  Different processes operate at various scale, however much of the 
heterogeneity occurs over short distances (Stoyan et al. 2000), and this work has highlighted the 
short scales over which soil biodiversity may vary (chapter 8). Given the high resolution sampling 
needed to capture and understand this variation, this would require considerable human resources 
and expense.  
There have been a number of propsed solutions to the problems of increased requirements for 
environmental monitoring through use of satellite or proxy data on soils.  While these are 
important tools, the need to report changes over time and to take informed decisions based on 
actual soil condition and not on outdated or estimated information is crucial to evidence based 
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policy (Montanarella 2010).  Risk based environmental decision making is often used to overcome 
problems of resource limitations whereby the comparative risk of environmental problems is used 
to set priorities (Finkel et al. 1995). In line with the risk based approach is the prioritisation of the 
limited resources available to the environmental policy through using environmental data 
collected by the public to target the limited resources of ‘professional science’. This has the 
potential to help solve problems with limited financial and resources, the high resolution of data 
required and the small number of experts in one specialism needed to collect data to support 
professional analysis and interpretation of monitoring data. Citizen science brings with it the 
potential to mobilise quickly a large number of individuals to collect environmental data over a 
large spatial area. This relatively quick mobilisation and potential frequency of repeat sampling 
offers distinct advantages over more formal sampling regimes.    
Observation data collected by the citizen scientists is relatively cheap compared to using 
professional scientists to systematically monitor the environment and collect samples. On top of 
labour costs for experts, sampling of this type would require more expensive sampling equipment, 
laboratory analysis and other fieldwork expenses. The potential cost savings are particularly 
important given the financial pressures on governments and environmental regulators.   
Using citizen science data to essentially carry out the environmental monitoring allows 
professional scientists efforts to concentrate on carrying out more detailed and higher density 
monitoring and diagnosis of environmental problems. Use of citizen science data to prioritise the 
cost and manpower resource of limited number of professional scientists means they will be using 
these resources where there is the highest requirement and potential environmental risk.  
One objective of this research was to discuss the implications for policy of public participation in 
soil protection. With the increasing public concern over many different environmental problems, 
numerous important challenges are being asked of the environmental sciences (Norris et al. 2011). 
The confidence that can be put on addressing these challenges depends on the quality of research 
and analysis which provides evidence for decision-making ensuring that polices are based on a 
sound, comprehensive understanding of current evidence (DEFRA 2011a).  
For effective environmental decision making an understanding of causal relationships between 
stressor and response is required (Norris et al. 2011). Demonstrating the cause – effect relationship 
in natural systems is a challenge because of the evidence required. There are often difficulties with 
natural variability, resources required to conduct experiments, lack of replication, and the 
presence of confounding influences. Environmental disciplines are generating large amounts of 
data, with rates of data capture and reporting increasing almost exponentially. With this there has 
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been a great increase in the number of research papers published in an increasing number of 
environmental journals (Pullin 2012). If studies fail to establish causality, then additional evidence 
is needed with investigators often seeking to strengthen their arguments for causality through the 
informal inclusion of multiple lines of evidence in the discussion sections of research papers 
(Downes 2002, Webb et al. 2012).  
International public policy instruments that aim to solve environmental problems and improve the 
quality of life for citizens have a remit to assess environmental change and predict future trends. 
To achieve effective action requires the use of the data in a framework that informs decision 
making in policy and practice (Pullin 2012). However, a rigorous framework for synthesising 
evidence to assess causality in environmental research has been lacking (Webb et al. 2012). 
Without proper robust evidence, the environmental sciences and policy makers open themselves 
up to opponents to argue that the scientific basis for purported harms is uncertain, unreliable, and 
fundamentally unproven, as has been seen for climate change. Despite this, the challenges with 
investigation of natural systems mean that professional science does not largely produce logically 
indisputable proofs about the natural world. At best professional science produces a consensus 
based on a process of inquiry that allows for continued scrutiny, re-examination, and revision 
(Oreskes 2004). Scientists need to better communicate with and engage the public and media to 
empower people to take actions on environmental issues and change their behaviour.  
This work has demonstrated that there is real value in environmental observations made by citizen 
scientists. Using this information must however take place within a carefully managed decision 
making framework. Just as with using professional data collection for environmental protection, 
which itself often falls short of an ideal solution, there are clear issues with using citizen science. 
The issues with citizen science often centre on that of the quality of data collected, however this 
work has clearly illustrated that if  data is handled, interpreted, and used in an appropriate fashion 
for how they were obtained then it can contribute to effective environmental protection (Schnoor 
2007).  
Desertification and soil degradation have become official and political concepts, as much as terms 
describing certain well-defined physical, chemical and biological processes (Rasmussen 1999). 
Policymaking for such environmental problems generally recognises the importance of drawing 
upon multiple lines of evidence when formulating standards for protection. Often a weight of 
evidence approach is adopted by those setting regulations and guidelines in the public policy 
sphere (Krimsky 2005). There appears to be no significant obstacle in including evidence that is 
formulated from data collected by the public in a weight of evidence approach to setting 
environmental policy, provided it is balanced by other lines of evidence and the source of the data 
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is clearly acknowledged. The weight of evidence approach is clearly subjective and different 
individuals may weigh evidence differently and apply different standards of demonstration 
(Krimsky 2005). As such, citizen science data that is properly analysed can play a role by providing 
informed opinions about the possible consequences of human actions, and by monitoring the 
effects of management choices (Abbot et al. 1998). In a world where information that professional 
scientists provide is not always sufficient or appropriate, and their methods can be too costly and 
time-consuming to be useful for the many situations in which environmental information is 
required there is a clear place for ‘citizen science’ or participatory monitoring.  
There remains a need for assessment of environmental change processes and their relation to 
production systems and natural factors. There is also a need for evaluation of the costs and benefits 
associated with environmental change, the local perceptions, as well as the policies required to 
manage them based on empirical evidence (Rasmussen 1999). The use of citizen science within a 
weight of evidence approach, or to prioritise professional science will allow this empirical evidence 
to be collected where there is the greatest need. Evidence collection of this type has been 
demonstrated to allow collection of data at a spatial and temporal scale not achievable by 
professional science, except by use of satellite data.  This will potentially improve the effectiveness 
of environmental quality management and making for better use of evidence. The USA appears to 
have embraced these benefits and has taken a lead on the use of public collected data in 
environmental management. By contrast, in the UK there are few examples of the use of citizen 
science in evidence collection as this has been seen as the remit of the environmental regulator.  
Notwithstanding the important input that can be made to public policy making from citizen 
science a number of important points should be taken into account that have been learned in the 
process of this research. Chapter seven, which addresses the objective to develop a survey on soil 
data collected by the public, details a number of key lessons that emerged directly from the 
running of a public survey. The key lessons highlighted include:  
• For collection of data to target areas of low survey spatial density 
• For education to better integrate soils into formal school curriculum, and 
• For successful public participation, the role of the media is key.  
Further to the key lessons learned from the pilot study detailed in chapter seven, there are some 
more general lessons from the whole of the research from undertaking citizen science work in 
support of public policy making.  
Researchers at the Cornell Lab of Ornithology defined a model for developing and implementing a 
citizen science project, drawing upon expertise in education, population biology, conservation 
biology, information science, computational statistics, and program evaluation (Bonney et al. 
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2009). These can equally apply to citizen science projects for collection of data on the 
environment. The model follows the process of scientists stating a problem, making a hypothesis, 
developing a test regime to test the hypothesis, gathering data, analyzing the results, and making 
conclusions, which may include stating new problems or hypotheses, through the following steps: 
1. Choose a scientific question; 2. Form a scientist/educator/technologist/evaluator team;  
3. Develop, test, and refine protocols, data forms, and educational support materials. 
4. Recruit participants; 5. Train participants; 6. Accept, edit, and display data; 7. Analyze and 
interpret data; 8. Disseminate results; 9. Measure outcomes. 
The model developed by Cornell Lab of Ornithology closely follows the development pathway this 
research and the OPAL Soil and Earthworm Survey.  
Choosing a scientific question in this research was driven by increases in the significance of soil 
protection as a political and environmental objective.  It is important to participants that they can 
see the practical use in the data they are collecting, and with the increase in awareness of 
environmental problems, collecting data for protecting the environment is seen as increasingly 
important.  
As detailed in Chapter Seven, proper stakeholder involvement in the process of developing citizen 
science projects is key. This applies not only in development of scientific questioning and survey 
development, but throughout the entire project from dissemination of material to ensuring a 
legacy continues through continued dialogue between parties.   
Critical to the success of environmental data collection and monitoring systems is the method of 
data collection, with this being an important consideration in ‘professional science’ as well as 
citizen science. With citizen science, where poor data quality is a common criticism, this is even 
more crucial. Where it is not possible to give one on one direction to survey participants then clear 
instructions are very important. Chapter seven details the involvement of different stakeholders in 
the formation and development of the survey materials for the OPAL Soil and Earthworm Survey. 
Key to the success of this public survey was the involvement of scientists, regulators and 
particularly educators. Through repeated field trials with numerous groups the survey materials 
were refined to allow maximum usability of the survey materials. This broad stakeholder 
involvement throughout the process is also important for the recruitment of participants, where 
there is particular importance in establishing a relationship between scientists and the media.  
Participant training is seen as fundamental to successful citizen science projects, and a number of 
approaches have been developed. The OPAL portfolio of projects very much followed a ‘train the 
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trainer’ approach, where knowledge transfer is top-down. In this approach project scientists 
communicated knowledge to community scientists, who in turn trained local educators, wildlife 
group members and other specialist group leaders. To some extent, the project also followed the 
more participatory ‘learning community’ process as the same community scientists worked directly 
with participants, this allowed information exchange among individuals with varying knowledge 
(Krasny et al. 2005). Further to this direct training, material was made available online to 
participants or team leaders that aimed to increase understanding of the issues surrounding the 
survey, why individual indicators were collected and what the results will be used for.  
A major part of this research was developing an approach to accepting, editing, and displaying 
data. There has been importance placed on allowing participants instant feedback on their results, 
and this was done for individual results using a system which allowed them to map and chart their 
individual results. However in this research, where macroscopic trends were more important it has 
not been possible to give people a ‘soil quality’ score.  While there is a notion that ‘all data is 
important’ and this is very much true from a point of view of education in the scientific process, to 
provide robust evidence effort must be made to work with the best data possible. This can be 
achieved through a careful survey design and participant training, but also through masks and 
filters on data entry, and by subsequent ‘cleaning’ of the dataset.  
There is scope for future projects to increase the level of participation and engagement of 
participants in citizen science activity, moving up the framework for participation in citizen 
science as defined by Haklay (2012), Figure 10.5. This could help to close the gap in environmental 
decision making between the public and scientists, and allow for benefits in terms of participants’ 
engagement and involvement in the project.  
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Figure 10.5 Levels of citizen science (Haklay 2012) 
Through this research, it has been established that citizen science data on soils can be used to 
establish broad trends, and to prioritise professional and more detailed investigation. It can be 
seen that evaluating single data points could be misleading for soil data of this kind and wider 
patterns in data is more useful. That being said, use of the more detailed data collected in the 
fieldwork to evaluate trends in the public data had value in stakeholder engagement, particularly 
as a bargaining tool to access sites.  
Scientists have traditionally been good at promoting and communicating results within their own 
areas of interest, however there have been challenges in communicating outside of these areas. 
With the involvement of members of the public from the outset, this ensures that there is a group 
of people from different interest groups, geographical areas and social classes with a stake in the 
results.  The dissemination of results was key to sustained interest in the public survey, which was 
demonstrated by the increase in survey returns following news releases. An important finding of all 
the OPAL public surveys was that members of the public want to be involved in scientific enquiry, 
especially that which has a practical use. The public survey website allowed users to instantly see 
results on a map; to generate live charts summarising the entire dataset and map earthworm 
species found. Further to this, the results from the public survey have been uploaded to the 
National Biodiversity Network for wider dissemination to the scientific community. 
For implementation of citizen science in soil protection, it is clear that that this approach can be 
used to collect useful data where stakeholders are involved throughout the process from 
programme inception though to results communication. Data should be properly handled, from 
trained participants and used to answer real scientific and policy questions, with results adequately 
fed back to them.  
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11 Conclusions 
Soil quality management faces challenges with regard to objections over policies for its protection 
and the resource requirements which implementation will entail. One method that has been used 
to collect large and cost effective data sets, such as those required for environmental protection, is 
through the use of members of the public or ‘citizen scientists’. The aim of this PhD research was 
to assess the challenges facing soil quality management and to evaluate the role of citizen science. 
11.1 Challenges for Soil Protection Policy 
Despite the significant amount of work and discussion in the area of soil and soil policy there 
remains much disagreement regarding the definition of soil quality. This has led to many 
reservations being expressed surrounding the inability of soil quality as a term itself to encompass 
the multiple functions that soil provides. This work has suggested that methods of soil quality 
assessment are refined to include the multiple functions which soils perform, which could be 
achieved through use of indicators of soil quality which apply across multiple soil functions.  
There remains an outstanding issue with soil protection policy in that it has not been implemented 
to the same extent as has been seen for water and air policy. Soil by its innate properties is very 
varied and complex and this presents problems when attempting to formulate protection policies. 
This is especially the case across large geographical areas which have a large variety in soil types 
and properties, as well as economic, cultural, and environmental variables. Examination of the 
policy drivers for water and air highlighted the importance of moving toward more holistic 
management and protection polices for soil. The complexity and difficulties seen when assessing 
soil quality have as a feature the multiple and conflicting functions which are required of soil.  
11.2 Citizen Science to Collect Evidence for Soil Protection Policy 
This work has demonstrated the great potential that exists for the gathering of environmental data 
using members of the public, or non-experts. This has been established for collection of data on 
soils and earthworms through the OPAL Soil and Earthworm Survey. Data from this survey have 
been analysed to provide important information about soils and earthworm distributions. This 
unique collection of soil and earthworm data from across England provided an important 
indication of differences in earthworm abundance.  
Evaluation of the patterns shown in the public data showed the importance in following up 
apparent signs of soil degradation with more detailed investigation. Further to this, the fieldwork 
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to investigate these patterns provided important findings by discovering or supporting previous 
research. It showed the main environmental drivers of earthworm abundance and species 
composition as well as distribution and the environmental fate of soil contaminants, dependent on 
land use.  
Earthworms have some potential to be used as bio-indicators of soil degradation and 
contamination although further work needs to be undertaken to develop this into a tool that can 
be used by environmental agencies. This has the potential to be cheaper than using the very 
expensive conventional testing equipment.  
11.3 Citizen Science in Soil Protection for Environmental Quality 
Management 
There is a need to emphasise soil protection measures in overarching environmental policy 
frameworks. Further to this, the ecological aspect of soil degradation also requires an increased 
emphasis in future soil protection policy in order to sufficiently protect the vital ecosystem services 
which soil provides.  
With a move toward holistic protection of soil resources, there will be a requirement for the 
collection of an increased amount of baseline and monitoring data. This requirement might 
necessitate substantial resources from governments and environmental regulators, and there is 
potential to involve citizen scientists in the collection of data.   
Citizen science can be used to prioritise ‘professional science’, which is particularly important 
given the increased pressure to collect more information on the environment, over larger 
geographical areas, and at an increased resolution. Use of data of this kind to prioritise the cost 
and manpower resource of a limited number of professional scientists means these resources will 
be used where there is highest requirement and potential environmental risk.  
Citizen science data may play an important role in a weight of evidence approach to solving 
environmental problems, providing evidence for better understanding the relationship between 
stressor and response. This data must be used within a carefully designed decision management 
framework, and handled, interpreted, and used in an appropriate fashion for how the data was 
obtained. There is a need to take back some of the responsibility for environmental monitoring, 
which in the UK in particular has been passed solely onto the environmental regulator. This can be 
done by engaging with and empowering local people at a local level. 
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This work highlighted key lessons from a public survey of soil properties to target areas of low 
survey density to get a good spatial coverage of the area of interest, to encourage education of soil 
protection and to promote interest in the media of surveys and findings for successful public 
participation. Further to these, this research established the importance of participants 
contributing to a proper scientific outcome, of careful data collection methods and instructions, 
careful cleaning and analysis of public data, and dissemination of results back to those who 
collected the data.   
Behaviour change, often cited as one way to help solve environmental problems, can be realised 
though education, by economic incentives, or via regulation and enforcement. Citizen involvement 
in environmental protection brings with it the benefit of large amounts of data at reduced cost 
compared to conventional collection methods. Such methods are also a potential way to increase 
citizen participation in environmental policy and its formation, and to increase education and 
support for conservation of soil resources and in turn to promote behavioural change. 
11.4 Recommendations for Future Work 
While there is an outstanding need for more research into the soil system as a whole a number of 
important areas for further research follow from this work.  
Criticism of policies for soil protection, such as the proposed EU Soil Framework Directive, 
concentrates on the need for such policies in light of existing measures for environmental 
protection. While soil protection does feature in existing environmental policy it would be 
advantagous to the development of soil protection measures, including the proposed Soil 
Framework Directive, to undertake an impact assessment detailing how future policies would 
interact with existing regulation. To more fully incorporate public collected data, and the findings 
of this study, it is also necessary to further investigate the regulatory environment surrounding 
public data in decision making, both nationally and at an EU scale. Efforts should be made, 
particullly in the UK to allow more use to be made of this type of data in informing policy making. 
There is also scope for citizen science projects of the type shown in this research to move toward 
more collaborative science, bringing professional and non-professional scientists together to 
decide on which scientific problems to work on and the nature of the data collection.  
If soils, and the life they contain, are to be aqequately protected then more specific research is 
required in order to obtain a better understanding of the relationship between soil degradation 
and soil biodiversity. Current soil protection policy has been held back by the lack of inclusion of 
measures to protect soil biodiversity, and so it is critical that more research is carried out into this 
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understudied area. This work has highlighted the lack of knowledge of the scale over which soil 
processes and soil organisms operate and should be a subject of significant further work. This 
would have consequences for risk assessment for soil degradation, implementation of catchment 
scale management and measures to protect and improve soil biodiversity.  The use of data 
collected by members of the public could be important to answering, or directing, this further 
investigation.  
Soil is a crucially important part of the environment, which has not received the protection that it 
deserves, due in part to its complexity and difficulties in assessing its quality. Existing methods of 
data collection on soils have been labour and resourse intensive. In contrast, this work has 
presented a study where members of the public have been used to collect information on soil 
properties and earthworm abundance, relatively cheaply and quickly. The data generated was used 
to understand variation across the country and to direct further detailed research. This detailed 
research highlighted some differences in earthworm populations over the areas studied, as well as 
indicating that earthworms are driven more by soil acidity than the low levels of pollution found in 
many soils. The work has highlighted a number of practicalities and lessons learned in using 
citizen science data, and places importance on further incorporating public collected data into 
research of the soil system and polcies for soil protection. 
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Appendix A 
OPAL Soil and Earthworm Survey Field Guide and Workbook 
The survey starts here
ASite characteristics
Choose a location to carry out your survey.
Select a position to dig your soil pit. Now go to
the workbook and record the pit’s location, site
characteristics and other information on page 6.
BDig the soil pit
The survey should preferably be performed in
pairs. You are provided with enough material to
sample 2 locations. You can photocopy pages 6
and 7 of the workbook for data from the second
location. Try to locate your second pit in an area
close by, but which looks different from the first.
Measure a 20cm x 20cm square and dig the soil
pit to a depth of 10cm. For details on how to do
this refer to page 4 of the workbook. Place the
removed soil on a plastic bin bag and put any
earthworms in a container.
Introduction
Soil is one of the world’s most precious natural
resources. It is made up of water, air, minerals
and organic matter, and is vital for plant survival
and crop production. Soil also provides a home
for a vast array of animals including
earthworms, stores and filters water and
provides a foundation for buildings, and
therefore is important in many ways.
This fold-out guide is designed to take you
through the process described below, and will
refer you to the accompanying workbook for
further guidance or to record data. Before you
start the survey read pages 2-3 of the
accompanying workbook. The survey starts by
selecting your location, and recording some site
characteristics (Section A). You are then asked
to dig a soil ‘pit’, and collect and separate
immature and adult earthworms into groups
(Section B). The next step focuses on soil
properties (Section C). Following this, all adult
earthworms from the soil and the pit can be
studied (Section D). If you still have more time
available, search for earthworms elsewhere or
report any other organisms you encounter in
your pit (Section E). Submit all data to the
OPAL website (Section F). 
The OPAL
Soil and
Earthworm
Survey
If you have a camera, when you see this symbol            take a photo to
upload to the website
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
Saddle
If you find glass, metal or other sharp objects,
stop immediately and dig another pit elsewhereO
Look at each earthworm and see if it has a 
well-developed saddle. Sort all earthworms
found in the removed soil into 2 groups, those
with saddles (adults) and those without saddles
(immatures), and count the numbers in each
group. Now go to page 7 of the workbook and
record these numbers in Questions B1 and B2.
Please rinse all earthworms with water, and
return the immatures to the soil (not the pit). 
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To extract the deep burrowing earthworms, mix
one of the mustard sachets provided into 750ml
of water and pour into the pit (this is not toxic to
the earthworms). Time how long it takes until the
water has drained away (up to 3 minutes). Now
go to page 7 of the workbook to record this
(Question B3). Collect any earthworms that
emerge. Sort, count and rinse them as previously.
Now go to page 7 of the workbook to record this
(Questions B4 and B5).
CSoil properties
Test the properties of the soil (Questions 7-15,
record on page 7 of the workbook).
7 How many plant roots are there in the soil that
you have removed?
a No roots b A few roots c Lots of roots
8 Can you see any objects in the soil that do not
look like they should naturally be there?
Remember to take care when handling the soil.
a Construction material e.g. brick, concrete,
cement, mortar
b Metal e.g. wire, sheeting, tin
c Glass e.g. broken bottles, other glass
d Cut wood
e Other 
f None 
9 Push the pointed end of a pencil or pen into the
soil surface. How hard was it to push it into the soil?
a Easy  b Difficult  c Very difficult 
10 Take a small amount of soil from the pit about
the size of a 2p piece and put it on something
waterproof. Open the sachet of vinegar and pour
a few drops onto the soil. 
If the soil fizzes it means it contains a mineral salt
called calcium carbonate CaCO3.
Does the soil fizz? Record ‘yes’ or ‘no’ in the
workbook. 
Acidic
pH 4-6
Neutral
pH 7
Alkaline
pH 8-9
11 Take a handful of soil in the palm of your hand
and squeeze it. How moist is the soil?
a Dry – no water (loose soil
does not stick together when
squeezed)
b Moist – no visible water
(water does not drip out of the
soil when squeezed)
c Wet – water visible (water
runs/drips out of the soil when
squeezed)
12 Find out the soil’s pH. Place 1cm of the removed
soil into a container. Add enough water to cover
the soil and stir the mixture for about a minute.
Holding the pH test strip by
the arrow, completely
immerse the strip in the soil
solution for roughly three
seconds.
Remove and quickly rinse
with fresh water from the
same bottle.
Hold the strip up to the light and compare the
indicator zone (unprinted area) to the colour scale.
Read off the printed pH value and record it.
13 Follow the   Key to soil texture (see right)
to find the texture of the soil.
Record the soil type in the workbook.
Indicator zone
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Put some soil
about the same
volume as an egg
in the palm of your
hand. Add drops
of water and work
the soil with your
fingers to break
down any lumps.
Add sufficient
water until the soil
is evenly moist
and feels like
putty. a
Squeeze the soil in
your palm. Can
you form it into a
ball? b
Now feed the
ribbon through your
hand so that it
supports its own
weight. d
Can you pinch the
ball to make a flat
ribbon of about
3mm thickness? 
c
Key to soil texture start here
a
Sand
b
Loamy
sand
NO
Safe fieldwork
We don’t advise you to work on your own. Make
sure that you know what to do in an emergency.
Take a responsible friend who can help if things go
wrong. Ensure that you have permission from the
landowner to dig holes on their land. Wear plastic
gloves and wash your hands before eating. Cover
any open wounds before starting the activity.
Designed by FSC Publications 
www.field-studies-council.org
14 Smell the soil ribbon, does the soil have:
a A sour, putrid or chemical smell?
b No smell?
c An earthy, sweet, fresh smell?
15 What colour is the soil ribbon? Choose the
nearest colour match.
DEarthworms
Using the earthworm record sheet provided on
page 7 of the workbook, record the length (using
the ruler provided on the guide) and colour of
each adult earthworm. Using the key overleaf,
and with the help of the magnifier provided in the
pack, identify and record the species of each
adult earthworm found.
E Additional search
If there are no earthworms in your pit and you still
have more time available record the other
organisms in the pit (page 8 of the workbook).
Then search for earthworms in habitats within 5
metres of your pit as described on page 4 of the
workbook. Follow the process outlined in Section
D for any earthworms found.
When you have finished return the soil to the pit,
replace any turf carefully and leave the area tidy.
Take any litter away with you.
FData submission
Upload your results and images to the OPAL
website:
www.OPALexplorenature.org
a b f
g h i j k l
c d e
YES
YES
NO
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Open Air Laboratories (OPAL) is a new partnership initiative which is encouraging
people to spend more time outside understanding the world around them. OPAL
wants to get everybody involved in exploring, studying but most of all enjoying
their local environment. OPAL will be running a programme of events and
activities until the end of 2012. To find out more about events in your region
please visit the website: www.OPALexplorenature.org
Is the soil ‘ribbon’
less than 2.5cm long
before it breaks?
Take a pinch of soil
and add water to make
it very wet. Rub it
between your fingers.
How gritty does the
soil feel?
Take a pinch of soil
and add water to make
it very wet. Rub it
between your fingers.
How gritty does the
soil feel?
Take a pinch of soil
and add water to make
it very wet. Rub it
between your fingers.
How gritty does the
soil feel?
Is the soil ‘ribbon’
between 2.5cm and 5cm
long before it breaks?
Is the soil ‘ribbon’
longer than 5cm before
it breaks?
c
Sandy
loam
d
Silty
loam
e
Loam
f
Sandy
clay
loam
g
Silty
clay
loam
h
Clay
loam
i
Sandy
clay
j
Silty
clay
k
Clay
YES YES
Very
gritty
In
between
Very
smooth
Very
gritty
In
between
Very
smooth
Very
gritty
In
between
Very
smooth
NO NO
YES
a b c d
Photographs by: Martin Head1, Simon Norman4, Louise Parker4. Text by: Martin Head1, Nick Voulvoulis1, James Bone1, Laura Edwards1, Elizabeth
Stevens1, Declan Barraclough3, Tatiana Boucard3, David Jones2, Paul Eggleton2, Stephen Brooks2, Simon Norman4, Louise Parker4, Rebecca Farley4,
Mark Dowding4, Linda Davies1, Carolina Bachariou1. 1 Imperial College London. 2 Natural History Museum. 3 Environment Agency. 4 Field Studies Council.
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Start here
Is it more than 2cm long,
AND does it have a clearly
developed saddle?
The saddle is usually a
different colour to the rest of
the body, and slightly wider
Is it greenish (dark
green, yellowish green
or muddy green)?
Is the whole body clearly
stripy on its upper
surface when moving?
It has dark red bands, with
a narrower pale pink or
yellowish band in between
It is not a mature
earthworm – you can’t identify it
with this guide. At least 50% of the
earthworms you find will be immature
Key to common
British earthworms
These are the earthworm features used in this key
Fleshy lobe
covering mouth 15th Segment Saddle
Head Under side
Upper side
1st segment Male poreRaised pads Saddle pads
Hints
Often curls up in the hand
Yellow ring on body
Has 3 pairs of sucker-like
discs (see 13)
Can exude a yellow fluid
when handled
3. Green worm
green form
Allolobophora chlorotica
Stripy earthworms
Hint
Can exude an
unpleasant
smelling
yellowish fluid
when handled
Hint Line drawings show the typical sizes of the adult earthworms
BA
A
B
1. Compost worm Eisenia veneta
Which description best matches your worm? Is the body:
A Longer and wider or B Shorter and narrower?
NO NO
YES
YES
YES
By David T. Jones and Chris N. Lowe
Yellow
ring on
body
Saddle
usually
pale
Saddle
usually
similar
colour
to the
rest of
the
body
NO
2. Brandling worm Eisenia fetida
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Is the body from the first segment to
the saddle partly or entirely pale in
colour (whitish, pink or grey)? It may
have some reddish or dark segments
Is the earthworm longer than
8cm when NOT moving?
Are the male
pores visible?
6. Lob worm Lumbricus terrestris
4. Redhead worm
Lumbricus rubellus
Red
earthworms
Hint
Sometimes
slightly
flattens its
tail into a
paddle
shape
Is the upper surface of the body,
from the first segment to the saddle,
entirely dark in colour (dark red,
purplish red or chestnut brown)?
Pale earthworms
Hint
Often a
dark purplish
head, the
rear end of
the body is
often much
paler
Hint
A stout worm, often
as thick as a pencil
B
A
Which description best matches your worm? Is the body:
A Long and relatively thin or B Long and relatively fat?
NO NO NO
YES
YES
YES
YES
Sometimes it flattens
its tail into a
wide paddle
shape
Long and fat
Long and thin
Return to start
NO
5. Black-headed worm Aporrectodea longa
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11. Grey worm Aporrectodea caliginosa
7. Octagonal-tailed
worm
Dendrobaena
octaedra
Are the male pores
visible?
Is a raised whitish
gland visible on the
underside between
the saddle and head?
Is the swelling around
the male pores broad,
covering the entire width
of adjacent segments?
Is the swelling around
the male pore covering
only one segment?
8. Chestnut worm Lumbricus castaneus
9. Little tree worm
Satchellius mammalis
Hints
The front end up to the saddle is usually in three
distinct shades: pink or pale grey, then whitish,
and then darker grey
The saddle pads usually form a two-humped ridge
across three segments, but these can be difficult
to see
NO
NO
NO
NO
YES
YES
YES
YES
Male
pore
VisibleNot visible
You have probably found a
rare worm which is not in this
key. Record it as
unidentified
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13. Green worm
pale form
Allolobophora chlorotica
Does it have a yellow ring
towards the head?
Does the worm have this colour
combination?
10. Rosy-tipped worm Aporrectodea rosea
12. Blue-grey worm Octolasion cyaneum
Are the last four
or five segments
distinctly yellow?
Hints
The head is usually rosy pink or pale pink
up to the male pores
Often has 2 or more whitish raised pads
before the male pores. The saddle is
usually orange, and can be wider towards
the rear end
Hints
Distinct yellow tail
Can vary from faint
blue-grey to a pale
rosy pink colour
May have a lilac-blue
line on the upper
surface
Pink or pale
grey
Whitish Darker
grey
Saddle
Hints
Has 3 pairs of
sucker-like discs on
the underside of
alternate segments
of the saddle, not
always easy to see.
The yellow ring can
be faint
Often curls up in
the hand
Can exude a yellow
fluid when handled
NO
NO
NOYES
YES
YES
Photographs by: Harry Taylor2 and Chris N. Lowe5. Illustrations by: David T. Jones1,2. Text by: David T. Jones1,2, Chris N. Lowe5,
Harry Taylor2, Paul Egglestone2, Stephen Brooks2, Emma Sherlock2, Simon Norman4, Louise Parker4, Rebecca Farley4, James
Bone1, Martin Head1, Nick Voulvoulis1, Linda Davies1, Carolina Bachariou1. 1 Imperial College London. 2 Natural History Museum.
3 Environment Agency. 4 Field Studies Council. 5 University of Central Lancashire. Supported by the Esmee Fairburn Foundation.
Yellow
ring
Saddle
usually
orange
Rosy pink or pale pink
head
Distinct
yellow tail
Distinct yellow tailDistinct
yellow tail
Tail not yellow
or only
slightly yellow
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Workbook to accompany fold-out field guide
OPAL Soil and Earthworm Survey
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You may have seen me before, but do you know much about me?
Thousands of us live beneath your feet but you don’t even notice us.
I don’t mean to brag, but in soil world we are classed as superheroes!
Take a closer look...
A day in the life of an earthworm
I eat on the move, churning dead plant material, and leave worm casts behind that
help to fertilise the soil. I help to keep the soil healthy by breaking things down and
recycling plant nutrients. I burrow into the soil which improves its structure and
adds air to the soil. The burrows also help water to run through the soil improving
the drainage. Plenty of nutrients, air and water in the soil mean that plants grow
well which is good news for you because plants provide most of your food.
The survey
This survey aims to find out more about soil and earthworms across England. The
results will help scientists to see whether each species is found in a particular
habitat or soil type.
There are 26 different species of earthworms in Britain. Some are common and
found in lots of places whilst others are rare. Earthworms are sensitive to many
environmental factors, and these will influence where they live. If you find lots of
earthworms in your soil it can be a sign of good soil quality.
“
”
2
Survey steps
A Choose your location and record the site characteristics.
B Measure a 20cm x 20cm square, dig the soil pit and search for earthworms.
C Test the properties of the soil.
D Identify the earthworms.
E Search for more.
D Enter all your results on the OPAL website www.OPALexplorenature.org
OPAL (Open Air Laboratories) is an exciting new initiative which has received
a grant from The Big Lottery Fund. It is encouraging people to get in touch
with nature by enabling them to explore and study their local environments.
Through partnerships nation-wide, OPAL is running fun, free projects which
anyone can get involved with.
From playing fields and window boxes to backyards or beaches, all spaces
are different and all are important. The five year programme will bring
scientists and the public closer together, allowing environmental issues to be
explored which have both local and global relevance. OPAL aims to inspire a
new generation of nature-lovers by encouraging people to spend more time
outdoors understanding the world around them.
If you have a
camera, when you see
this symbol take a
photo to upload to the
website
A
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n
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g
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CHints for using the key
• 12 of the most common earthworm species in England are illustrated in the key
• This key should identify about 90% of adult specimens
• Immature worms cannot be identified but you should still record the total number
found in the topsoil and in the pit using the mustard water
• Use your magnifier to help see key earthworm features (this will help you with
species identification)
• If you have a digital camera you can take a picture and zoom in to see the details
Essential items to take outside
• This pack which contains:
this workbook
the fold-out field guide
magnifier, 2 mustard sachets, 2 vinegar sachets,
2 pH strips
• Two 750ml bottles of water  We recommend that
you re-use old plastic bottles filled with tap water.
Please remember to recycle
• A small shovel, spade or trowel
• Protective gloves
• Bin bags (for the soil removed from the pit)  These
can also be useful for kneeling on. Please remember
to recycle
• Suitable containers (e.g. plastic cups, sandwich bags) for
the soil tests and for storing earthworms
Useful items to take outside
• A map and GPS device if available
• Waterproof pen
• A mobile phone
• A camera
• A watch
Health and safety
We don’t advise you to work on your own. Make sure that you know what to do in
an emergency. Take a responsible friend who can help if things go wrong. Ensure
that you have permission from the landowner to dig holes on their land. Where
possible wear plastic gloves and wash your hands before eating. Cover any open
wounds before starting the activity. Don’t handle soil if you can see sharp objects
(e.g. glass, wire). If the site has sharp objects then choose another site elsewhere.
Be careful not to disturb local wildlife (e.g. adders). This survey is designed for use
in England. Check local conditions if you intend to use it outside of England.
Ensure that you have performed a risk assessment where applicable. The mustard
and vinegar sachets supplied in the field pack are not for human consumption.
O
3
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Preparing your sampling pit
1 Use the ruler on your fold-out field guide to measure a 20cm x 20cm square
2 Mark each corner of the square with a marker so that you know where to dig
3 Use a spade or trowel to cut out and dig the pit. Try and keep the pit as square
as possible
4 Place all the removed soil on a bin liner
5 Use the ruler on your fold-out field guide to make sure your pit is 10cm deep
1 2 3 54
Earthworms – other habitats
Earthworms like to live in damp and dark places. Our main habitat is
soil but we can be found in other places too. These are called
microhabitats. These microhabitats can include compost heaps, under
logs and branches, under leaves and plant pots.
Search for earthworms in a variety of microhabitats within 5 metres of your pit. If
you find any, place them in a sandwich bag or cup to identify later (step D).
compost heaps logs and branches leaves plant pots
4
“
”
A
la
n
S
cr
ag
g
Earthworms can be found in moist, dark microhabitats that usually have some
contact with the soil. Typical places where they occur include: 1. lawns 2. in bare
soil such as flower beds or vegetable patches 3. compost heaps 4. organic-rich
microhabitats such as piles of decaying leaves 5. inside or beneath highly decayed
logs or branches 6. beneath flowerpots and other loose surfaces such as planks
of wood or plastic sheets.
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Earthworm factfile
1. Compost worm Eisenia veneta. Usually found in garden compost but can also
occur in wet decaying leaf litter, organic-rich soils and manure heaps. Eats rotting vegetation.
2. Brandling worm Eisenia fetida. Usually found in garden compost but also occurs
in wet decaying leaf litter, organic-rich soils and manure heaps. Eats rotting vegetation.
3. Green worm Allolobophora chlorotica. Very common and widespread. There are
two colour varieties: a ‘greenish’ variety (3) and a pale variety (13). Lives in the topsoil, often
among plant roots. Eats soil.
4. Redhead worm Lumbricus rubellus. A widespread species, found in most habitats.
Lives in the topsoil and leaf litter, and is thought to feed on decaying leaf litter fragments.
5. Black-headed worm Aporrectodea longa. A large worm. Abundant and
widespread. Builds permanent vertical burrows up to 60cm deep and deposits casts on the
surface. Eats soil.
6. Lob worm Lumbricus terrestris. The largest British earthworm, common and
widespread. Builds permanent vertical burrows up to 3m deep. Emerges at night to pull leaf
litter into its burrow.
7. Octagonal-tailed worm Dendrobaena octaedra. The tail is octagonal in cross-
section but this is difficult to see in live earthworms. Can be locally abundant. Lives and
feeds in leaf litter.
8. Chestnut worm Lumbricus castaneus. Common and widespread, found in many
habitats. Lives in leaf litter and under logs.
9. Little tree worm Satchellius mammalis. Widespread in many habitats, from
woodlands and field margins to marshy habitats and river banks but is seldom abundant.
Lives and feeds in leaf litter.
10. Rosy-tipped worm Aporrectodea rosea. The first 10 or 15 segments are rosy
pink or pale pink in colour. Widespread, and found in most habitats. Can be locally
abundant. Lives in the topsoil and eats soil.
11. Grey worm Aporrectodea caliginosa. Very common and widespread. Lives in
non-permanent horizontal burrows in the topsoil. Rarely found in leaf litter. Eats soil.
12. Blue-grey worm Octolasion cyaneum. Occurs in pasture and arable land,
gardens and woodlands. Lives in the topsoil and feeds on soil.
13. Green worm Allolobophora chlorotica. See (3)
There are 26 British species of earthworm, all of which are from the family
Lumbricidae. The 12 species listed below are common and thought to be
widespread, while the other 14 species are rarer and may have limited
geographical distributions. More information about how to identify all the British
species can be found in Sims and Gerard (1999): Earthworms.
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a Do you think soil and earthworms are important?
b Do you like outdoor activities?
c How did you participate in the Survey today?
d Record the postcode and name of your site
6
1 What is the surrounding area like? Urban Suburban Countryside
2 Choose the best description of your sampling site.
Other (please describe)
3 How far is the nearest road? less than 20m 20-100m more than 100m
4 Can you see any of the following signs of pollution?
Other (please describe)
5 What is the weather like today?
a b c
a
yes no not sure
yes no not sure
school volunteer group on my own
b c name of road
j
g
Other (please describe)
6 How much of the ground in your sample square is covered in plants / grass?
e
A Site characteristics
Storage
tanks
(oil, fuel,
chemicals)
Rubbish Industrial
chimneys
Discharge
(waste) pipes
Foam on the
surface of
any ponds,
lakes or rivers
None
No clouds,
sunny
Some clouds,
no rain
Many clouds,
no rain
Many clouds
and rain
All bare earth Mostly bare
earth
Half earth,
half plants
Mostly
covered with
plants
Totally
covered with
plants
a b c d e
Garden Parkland Playing field Wood or
forest
Heath or
moorland
f
Open,
grassy field
g
Ploughed
field
h
Grassy
verge
i
Industrial site
Now go to
step B of
the fold-out
field guide
a b c d
a b c d
a b c d e
e f
 Please tick
the appropriate
boxes
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B The soil pit and earthworms
B1 Immatures B2 Adults
B3 Water drainage: less than 3 minutes? minutes seconds
more than 3 minutes
B4 Immatures B5 Adults
C Soil properties
7 Plant roots:
8 Objects in the soil:
9 Soil hardness:
10 Soil fizz:
11 Soil moisture:
12 pH value:
13 Soil texture:
14 Smell:
15 Colour:
7
Use the following table to record the earthworms you find.
a b c
a
pH4
yes no
pH7
pH4.5
pH7.5
pH5
pH8
pH5.5
pH8.5
pH6
pH9
pH6.5
b c
a b c
a b c d e
a b c
a b c d e f
f
g h i
a
a
b c d e f g h i j k l
j k
Write
length
here
D Earthworm record sheet
b
Where was worm found?
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Colour
(if species unknown)
Red Stripy Pale Green
Earthworm species
(ID number from key)
1 2 3 4 5 6 7 8 9 10 11 12 13
Length
(cm)Soil Mustard Otherfrom pit water
C
om
p
os
t
w
or
m
B
ra
nd
lin
g
w
or
m
G
re
en
w
or
m
(g
re
en
fo
rm
)
R
ed
he
ad
w
or
m
B
la
ck
-h
ea
d
ed
w
or
m
Lo
b
w
or
m
O
ct
ag
on
al
-t
ai
le
d
w
or
m
C
he
st
nu
t
w
or
m
Li
tt
le
tr
ee
w
or
m
R
os
y-
tip
p
ed
w
or
m
G
re
y
w
or
m
B
lu
e-
gr
ey
w
or
m
G
re
en
w
or
m
(p
al
e
fo
rm
)
U
ni
d
en
tif
ie
d
ad
ul
t
w
or
m
s
numbers numbers
numbers numbers
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8E Other organisms in your pit
Insects
E1 Beetles E2 Flies E3 Larvae
E4 Bugs E5 Other
Non insects
E6 Snails E7 Slugs E8 Arachnids (spiders)
E9 Other
F Submit your results
Enter your results onto the OPAL website: www.OPALexplorenature.org
Thank you for taking part in the OPAL Soil and Earthworm Survey! Now you have
gathered your results it is important that you input them onto the OPAL website so
they can be shared and used to map the soil quality and earthworm species
across England.
Once you have entered your results online you can browse maps showing the
results of the national survey so far.
This pack has been developed by:
Martin Head1, Nick Voulvoulis1, James Bone1, David T. Jones1,2, Chris N. Lowe6, Laura Edwards1,
Elizabeth Stevens1, Declan Barraclough3, Tatiana Boucard3, Dee Flight4, Harry Taylor2, Paul Egglestone2,
Stephen Brooks2, Emma Sherlock2, Simon Norman5, Louise Parker5, Rebecca Farley5, Linda Davies1,
Carolina Bachariou1.
Photographs by: Martin Head1, Harry Taylor2, Chris N. Lowe6, Louise Parker5 and Simon Norman5.
Earthworm illustrations by: David T. Jones1,2. Cartoons by: Alan Scragg. Design by Mark Dowding5.
1 Imperial College London. 2 Natural History Museum. 3 Environment Agency. 4 British Geological Survey.
5 Field Studies Council. 6 University of Central Lancashire.
numbers numbers numbers
numbers numbers
numbers
numbers
numbers numbers
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Appendix B 
Fieldwork Sampling Procedure 
 
OPAL Fieldwork Sampling Protocol        Autumn 2010 
Site Selection 
Sites to be sampled should provide a broad spatial coverage of the area of interest. The sampling 
strategy will be based on selecting sites based on their landuse/ habitat rather than classic 
systematic or random sampling. The two landuse classes of interest are grasslands and broadleaf 
woodlands, these can be found by looking on the laminated OS map, using digital satellite imagery 
and local reconnaissance. Ideally the sites will be selected prior to the days sampling.   
Arriving at the site 
Park the vehicle somewhere safe where it will not cause and obstruction.  
Determine who the land owner/ manager is of the land and seek permission to carry out sampling. 
Show the relevant person Imperial College/ NHM ID as well as telling them about the OPAL Soil and 
Earthworm Survey. Where the land is local authority then check if there is a grounds man etc that 
you can alert to your presence on the site- if so inform them that we have permission from the 
council and that we will be sampling for earthworms and recording some soil properties for the 
Natural History Museum/ Imperial College.  
The site of sampling within the grassland should be in a place where it will not cause an obstruction 
to the use of the site or pose health and safety issues (e.g. avoid sports pitches and footpaths). The 
site should be a good distance from landscape features such as flowerbeds, foot paths, fences, muck 
heaps etc. Where possible samples should be taken away from the edge of the landuse type. If the 
site it on a slope then effort should be made to avoid water logged soils.  In woodland sites then 
avoid coniferous trees and look for coniferous needles in leaf litter. 
1. Record the site number on the data logging sheet in numerical order.  
2. Record the initials of the personnel taking the samples and the date and time of arriving at 
the site 
3. Choose a suitable location for the 40 cm x 40cm by 10cm deep pit.  
4. Record the location of the site from the GPS device- record extra info in the comments 
section which would help to locate the site.  
Site Questions 
5. Record the weather conditions using the scale on the OPAL survey.  
6. Record the habitat matching the OPAL survey if possible – record additional notes in the 
comments section.  
7. Record the distance to the nearest road using the scale in the OPAL survey.  
8. Record the percentage of plant cover of the sampling pit, the plant roots using the OPAL 
survey, and any objects encountered.  
Soil Properties 
9. Insert the infiltration ring into the soil adjacent to the pit so that the top of the soil is in line 
with the bottom of the measurement line. Pour in 750ml of water and start timing, keep 
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watching while carrying out other measurements and record the time taken for the water to 
infiltrate the soil completely or record >3 mins if it takes longer than 3 mins.   
10. Put the soil thermometer into the soil adjacent to the soil pit- allow sufficient time for it to 
stabilise. Repeat measurement 3 times and record on the data logging sheet.  
11. Use the hand texturing guide on the OPAL survey to determine the soil texture.  
12. Use the colour chart on the OPAL survey to select a soil colour.  
13. Use the soil moisture device to determine the soil moisture at 3 locations adjacent to the pit 
and record.  
14. Determine the soil penetration using the hand penetrometer at 3 locations adjacent to the 
pit and record. Follow instructions provided.  
15. Use the pocket shearmeter to determine the maximum shear value at 3 locations adjacent 
to the pit and record. Follow instructions provided inside case.  
Earthworms 
16. Handsort the soil removed from the 40cm * 40cm * 10cm deep pit for both adult and 
juvenile earthworms.  
17. Repeat for leaf litter removed from the 40 * 40cm area. 
18. Apply the mustard vermifuge to the bottom of the soil pit and allow to soak in fully. Watch 
carefully for emerging earthworms and collect. 
19. Put all earthworms into the sample tubes and preserve. CLEARLY LABEL TUBE WITH SAMPLE 
NUMBER, COLLECTION PLACE (Leaf Litter, Vermifuge, or Topsoil), and DATE 
Soil Sample Collection 
Depending upon the soil at the site a spade, trowel or auger is used to collect the soil samples.  
1. The collection device is to be cleaned with a wire brush and any visible material removed. 
Use water to spray the device.  
2. Prior to sampling dig the device into the soil and remove without collecting a sample.  
3. Fill ONE JAR and ONE TUB with soil from four locations surrounding the soil pit. Make sure 
that each container is completely full and there is no headspace. Tightly seal the container. 
Ensure that the containers are clearly labelled with client, sample ID, and date sampled.  
4. Record the sample references from the containers on the data logging sheet.   
5. Samples are placed in the refrigeration unit in the vehicle to keep them cool. When vehicle 
fridge is full or sample collection has been arranged then samples are transferred to the 
insulated box provided by ALcontrol Ltd and details of the samples entered onto the chain of 
custody. MAKE SURE THAT QUOTE NUMBER 26392 IS ENTERED ONTO THE CHAIN OF 
CUSTODY.  
6. When enough samples are collected a courier collection will be organised and transferred to 
the custody of Alcontrol Ltd, Chester according to their sample collection protocols. Retain 
yellow copy of chain of custody.  
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Appendix C 
Analytical Procedure Method Statements 
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ALcontrol Laboratories Method Summaries Issue 2 Chemistry
C.Spencer, Group Chemist October 2007 ACP001
Protein by Dumas Nitrogen -Food
Method: ACP001
1. Sample Weight: 0.15 – 0.3g
2. Instrument: Leco Nitrogen Analyser (FP-428, FP-328 or FP-
528)
3. Determination: The instrument operates using the Dumas
principle, oxidation of a sample followed by
reduction of the oxides of nitrogen to nitrogen,
which are then measured using a thermal
conductivity cell.
The software associated with the Nitrogen
Analyser calculates the nitrogen content of the
sample.
4. Expression of Results: The protein content is determined by
multiplying the nitrogen content by a suitable
factor for the sample type. (Typically 6.25)
5. Reporting: Nitrogen will be reported to the nearest
0.01g/100g
Protein will be reported to the nearest 0.1g/100g
Validation status and references
UKAS accredited. Widely recognised food industry method and validated for most
product types.
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Method Number: TM 218
Updated: 22/01/09
Method Issue Number: 4
Page 1 of 2
Determination of PAH in soil samples by microwave extraction and GC-MS
UNCONTROLLED COPY FOR REFERENCE ONLY
Scope and Range
This method describes a procedure for the identification and quantification of sixteen
polycyclicaromatic hydrocarbons (PAHs), using the CEM MARS microwave extraction unit and an
Agilent Gas Chromatograph Mass Selective Detector (GC-MSD).
The method has been validated against sand, loam and clay matrices and is accredited to ISO 17025
and the MCERTS standard.
The limits of detection are detailed on the following page.
Principle
Soluble organic contaminants are extracted from soil samples with hexane:acetone:triethylamine
50:45:5%v/v using the CEM, Microwave Accelerated Reaction System (MARS).
A surrogate solution containing five deuterated PAHs is added to the samples prior to extraction; these
are used to monitor the efficiency of the extraction procedure.
An internal standard solution is added to sample extracts. The sample components are separated and
detected using a suitable GC-MS system.
Compound identification is performed by Selective Ion Monitoring (SIM) and quantification of the
components is carried out by means of the Internal Standard (IS) calibration technique.
The recommended maximum holding time for the analysis of PAHs in soil is 14 days prior to
extraction and 40 days after extraction. Samples and extracts are stored at 4 ? 3?C.
Preparation and Extraction
5g of well homogenised ‘as received’ soil is extracted, using the microwave extraction system, with
20ml of the solvent mix to which the surrogate standards have been added. Following extraction, 1ml
of the extract is transferred to an autosampler vial along with an internal standard, which is used in
calculating concentrations.
Analysis
The vials are loaded onto the GC autosampler along with vials containing standards, blanks, and AQC
samples. An AQC sample and a blank are extracted with and run with every twenty samples.
The standards used for quantitation contain the 16 USEPA PAHs and a five-point calibration is run.
Any extracts with concentrations higher than the top standard are diluted and re-run until they fall
within the calibration range.
Sample concentrations are calculated against the standard calibration. The surrogate recovery is
reported but the results do not compensate for that recovery.
Interferences
Co-extracted materials from the sample will vary considerably from source to source. If analysis of
an extracted sample is prevented due to interferences, it may be necessary to clean up by column
chromatography.
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Method Number: TM 218
Updated: 22/01/09
Method Issue Number: 4
Page 2 of 2
Determination of PAH in soil samples by microwave extraction and GC-MS
UNCONTROLLED COPY FOR REFERENCE ONLY
List of Compounds, Ions and Limits of Detection
Compound Target
Ions
Qualifier
Ions
LOD
(μg/kg)
Internal Standard
Biphenyl-d10 164 80 -
Surrogates
Naphthalene-d8 136 108 -
Acenaphthalene-d10 164 160 -
Phenanthrene-d10 188 160 -
Chrysene-d12 240 236 -
Perylene-d12 264 132 -
Target Compounds
Naphthalene 128 102 9
Acenaphthylene 152 76 12
Acenaphthene 154 152 8
Fluorene 166 165 10
Phenanthrene 178 152 15
Anthracene 178 152 16
Fluoranthene 202 101 17
Pyrene 202 101 15
Benz(a)anthracene 228 226 14
Chrysene 228 226 10
Benzo(b)fluoranthene 252 126 15
Benzo(k)fluoranthene 252 126 14
Benzo(a)pyrene 252 125 15
Indeno(123,cd)pyene 276 138 18
Dibenzo(ah)anthracene 278 139 23
Benzo(ghi)perylene 276 138 24
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Method Number: TM 181
Updated: 17/06/09
Method Issue Number: 2
Page 1 of 1
Determination of Routine Metals in Soil by iCap 6500 Duo ICP-OES
UNCONTROLLED COPY FOR REFERENCE ONLY
Scope and Range
This method is applicable for the analysis of routine metals in sandy soils, clay and loam by mixed
acid digest and analysis by iCap 6500 Duo ICP-OES.
Element
Limit of
Detection
mg/kg
Reporting
Limit
mg/kg
Element
Limit of
Detection
mg/kg
Reporting
Limit
mg/kg
Al 3.8 11 Mo 0.03 0.1
As 0.2 0.6 Ni 0.06 0.2
B 0.2 0.7 P 0.33 1.0
Ba 0.2 0.6 Pb 0.24 0.7
Be 0.003 0.01 Sb 0.19 0.6
Cd 0.008 0.02 Se 0.33 1.0
Co 0.03 0.1 Sn 0.08 0.24
Cr 0.29 0.9 Sr 0.13 0.4
Cu 0.47 1.4 Ti 0.02 0.1
Fe 0.65 2 Tl 0.23 0.7
Hg 0.048 0.14 V 0.06 0.2
Mn 0.04 0.13 Zn 0.62 1.9
Principle
Preparation and Extraction
All samples are dried and crushed prior to preparation. 1g of the dried crushed sample is accurately
weighed into a 50ml digitube. 2.5ml of concentrated nitric acid and 7.5ml of concentrated
hydrochloric acid are added to the digitube carefully. The tube is caped tightly and agitated to
ensure all solid is exposed to the acid mix. The cap is loosened before the digitube is placed in the
Digiblock. Tubes are put into a digiblock at 110°C for 90 minutes. After this time samples are
allowed to cool sufficiently to allow safe removal from the block. When the samples have cooled to
ambient, they are diluted to 50ml with deionised water and the tubes are placed in the centrifuge and
spun at 1000 rpm for 10 minutes. After centrifugation, the sample is decanted into a plastic
Sarsteadt tube, labelled with sample identification and placed in instrument rack for analysis.
Analysis
Samples are analysed on an iCap 6500 Duo ICP-OES.
Interferences
None known.
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Method Number: TM 222
Updated: 03/07/09
Method Issue Number: 4
Page 1 of 1
Determination of Hot Water Soluble Boron in Soils (10:1 Water:soil)
by IRIS Emission Spectrometer
UNCONTROLLED COPY FOR REFERENCE ONLY
Scope and Range
This method describes the analysis of water soluble boron extracted from solids, and analysed using
ICP-OES spectrophotometry. The instrument calibration is capable of measuring levels up to
500mg/kg, with a detection limit of 0.3 mg/kg based on a 5gram sample weight. The method is
accredited to ISO17025 and MCERTS on sand, clay, and loam.
Principle
Preparation and Extraction
5g of dried and crushed soil is weighed into a plastic disposable tube with a lid. 50ml of high purity
deionised water is added to the sample and the tube is shaken to dislodge the soil from the bottom of
the tube. Samples are then put into a Digiprep at 90oC for 30 minutes. The samples are hen shaken
and immediately filtered through Whatman 542 or equivalent filter paper into a disposable tub. The
filtrate is then transferred into an 8ml polypropylene tube.
Analysis
Samples are analysed using a Thermo Jarrell Ash IRIS Advantage Emission Spectrometer with
Burgener nebuliser.
Interferences
None known.
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Appendix D 
Fieldwork Chemical and Physical Results  
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7
11
5
H
1-
16
P
7.
54
4.
11
0.
6
33
2
<
8
<
12
<
16
22
.1
41
.8
49
.7
38
.3
<
14
30
.4
<
23
57
.4
<
10
<
18
15
.6
28
.7
47
.8
10
9
10
6
98
.9
10
7
11
4
H
1-
17
W
4.
77
2.
14
0.
1
44
2
<
8
<
12
<
16
38
.8
32
.6
70
.4
34
.5
24
43
.1
<
23
75
.5
<
10
29
.3
<
9
32
.1
61
.2
96
.9
91
.7
87
.3
94
.2
95
.7
H
1-
18
P
7.
13
3.
6
<
0.
05
21
20
0
<
8
38
4
31
6
14
90
20
80
31
20
21
50
98
2
17
90
34
4
30
60
57
.2
16
90
10
7
88
6
27
40
10
7
10
2
98
.2
10
3
10
7
H
1-
19
W
7.
29
4.
87
0.
1
26
4
<
8
<
12
<
16
26
.4
28
.7
35
.8
<
24
<
14
28
.9
<
23
62
.5
<
10
<
18
<
9
28
.7
52
.5
10
4
10
0
93
.4
10
1
10
1
H
1-
20
P
6.
25
1.
98
<
0.
05
19
9
<
8
<
12
<
16
21
.1
23
.8
36
.9
<
24
<
14
19
.8
<
23
51
.7
<
10
<
18
<
9
<
15
46
98
.5
93
.6
89
.2
96
.2
97
.3
H
1-
21
W
7.
24
3.
49
<
0.
05
33
9
<
8
<
12
<
16
23
.7
30
.9
42
.4
39
.4
<
14
26
.6
<
23
55
.6
<
10
26
22
.1
26
.5
45
.8
11
1
10
6
10
1
10
8
11
0
H
1-
22
P
7.
51
1.
91
<
0.
05
49
9
<
8
<
12
22
.1
53
.9
44
.4
43
.8
34
22
.1
41
.7
<
23
90
.1
<
10
27
.4
<
9
49
.1
70
.8
97
.1
92
.9
87
.5
94
.9
94
.7
H
1-
23
W
5.
69
3.
3
0.
4
40
2
<
8
<
12
<
16
32
.2
33
.7
74
.4
34
.1
20
.1
41
.4
<
23
62
.6
<
10
28
.1
<
9
28
.4
47
.2
10
3
10
3
90
.2
10
7
96
.8
H
1-
24
P
6.
84
3.
51
0.
6
38
4
<
8
<
12
<
16
40
.8
33
.8
58
.4
40
22
.6
33
.2
<
23
49
.5
<
10
28
16
.1
22
.5
39
.6
10
7
10
6
10
1
10
8
10
8
H
2-
01
W
7.
64
4.
72
0.
7
55
9
<
8
<
12
<
16
41
.8
55
.2
90
.7
62
.7
26
.6
43
.9
<
23
85
.9
<
10
40
.7
<
9
41
.1
70
.6
97
.1
96
.6
89
.7
99
.5
98
.5
H
2-
02
P
7.
45
4.
08
0.
9
51
0
<
8
<
12
<
16
48
.5
47
.8
63
.4
54
.5
36
.8
46
.7
<
23
77
.7
<
10
34
.2
<
9
37
.8
62
.8
96
.8
96
.1
90
.3
98
.8
10
1
H
2-
03
W
7.
02
3.
66
0.
6
27
3
<
8
<
12
<
16
29
.7
27
.9
50
.9
<
24
<
14
30
.9
<
23
57
.5
<
10
<
18
<
9
32
.7
43
.7
97
.5
97
.2
90
.9
10
0
10
0
H
2-
04
P
7.
74
3.
71
0.
7
22
7
<
8
<
12
<
16
27
.2
30
.1
48
<
24
21
.2
28
.9
<
23
39
.9
<
10
<
18
<
9
<
15
31
.3
95
.3
94
.3
88
.7
97
.5
98
.9
H
2-
05
P
8.
24
2.
44
0.
4
94
2
<
8
<
12
<
16
99
.1
98
.4
10
6
82
.2
36
.2
84
.1
<
23
17
2
<
10
62
.9
<
9
57
.3
14
3
10
8
10
3
10
2
10
5
11
1
H
2-
06
W
7.
91
3.
37
0.
4
79
5
<
8
<
12
<
16
67
85
.4
94
.6
72
.2
35
.3
77
.1
<
23
13
8
<
10
55
.5
<
9
56
.5
11
3
94
.6
94
.5
90
.8
95
.7
99
.7
H
2-
07
W
5.
58
1.
89
0.
3
26
0
<
8
<
12
<
16
36
.6
36
.6
35
.2
<
24
<
14
32
<
23
55
<
10
<
18
<
9
23
41
.9
95
.2
95
93
.2
96
.3
10
3
H
2-
08
P
7.
66
2.
54
0.
4
37
0
<
8
<
12
<
16
38
40
.5
43
41
.6
<
14
35
.4
<
23
65
<
10
27
.9
<
9
27
51
.7
93
92
.6
88
.9
94
.7
95
H
2-
09
W
7.
04
4.
05
0.
7
69
0
<
8
<
12
<
16
57
65
.4
93
68
.3
25
.6
72
.6
<
23
11
6
<
10
51
.4
<
9
53
.1
88
.5
11
0
10
6
10
4
10
5
11
3
H
2-
10
P
6.
85
1.
95
0.
3
<
11
8
<
8
<
12
<
16
<
14
<
15
<
15
<
24
<
14
16
.4
<
23
25
.5
<
10
<
18
<
9
<
15
20
.4
10
5
99
.9
98
.4
10
2
10
6
H
2-
11
W
5.
69
2.
19
0.
3
19
2
<
8
<
12
<
16
19
.9
25
34
.4
<
24
<
14
24
.1
<
23
39
.7
<
10
<
18
<
9
18
.7
30
.4
91
.2
90
.6
87
.3
92
.4
96
.1
H
2-
12
P
6.
45
2.
67
0.
4
14
4
<
8
<
12
<
16
19
.3
23
.9
22
.5
<
24
<
14
21
.6
<
23
33
.3
<
10
<
18
<
9
<
15
23
.7
94
.7
94
.3
91
.1
96
.4
10
0
H
2-
13
W
7.
55
2.
56
0.
3
14
4
<
8
<
12
<
16
<
14
25
.7
27
.7
<
24
<
14
21
.8
<
23
37
.8
<
10
<
18
<
9
<
15
31
.1
95
.6
95
.2
92
.1
96
.9
10
1
H
2-
14
P
5.
34
2.
75
0.
6
20
0
<
8
<
12
<
16
25
.3
31
.5
42
.1
<
24
<
14
21
.4
<
23
43
.1
<
10
<
18
<
9
<
15
37
.1
87
85
.1
88
.1
88
.3
90
.2
H
2-
15
W
6.
81
3.
44
0.
6
44
6
<
8
<
12
<
16
30
41
.5
56
.9
50
.5
<
14
36
.2
<
23
82
.7
<
10
35
.2
<
9
44
.3
68
.4
90
.4
88
.6
92
91
93
.9
H
2-
16
P
7.
84
3.
02
0.
6
48
4
<
8
<
12
<
16
36
.9
53
.1
64
.8
55
.2
23
.5
42
.9
<
23
77
.3
<
10
37
.2
<
9
24
.3
68
.3
85
.3
84
.6
85
.1
88
.2
86
H
2-
17
P
8.
1
2.
91
0.
5
13
40
<
8
16
.3
25
.5
13
2
14
3
15
8
14
3
78
.6
11
9
<
23
19
0
<
10
99
.6
17
.5
50
.1
17
2
96
.9
96
.9
97
.5
98
.2
10
1
H
2-
18
W
7.
49
4.
25
0.
7
71
3
<
8
<
12
<
16
56
.8
51
.5
78
.3
61
.2
39
.5
76
.1
<
23
13
4
<
10
42
.3
17
.7
61
93
.7
86
.9
88
.3
87
.9
91
.4
90
H
2-
19
W
4.
61
2.
94
0.
3
11
20
<
8
<
12
<
16
79
.7
81
.4
18
0
91
.3
62
.9
12
6
<
23
17
8
<
10
80
.8
19
.3
79
.7
14
0
10
5
10
5
10
8
10
5
11
3
H
2-
20
P
6.
9
1.
86
0.
3
<
11
8
<
8
<
12
<
16
<
14
<
15
26
.8
<
24
<
14
21
.4
<
23
28
.3
<
10
<
18
<
9
<
15
23
.7
95
.1
94
.9
96
.3
95
.1
98
.7
H
2-
21
P
6.
54
2.
62
0.
4
69
6
<
8
<
12
<
16
78
.7
68
.1
11
3
63
.8
33
.7
62
<
23
97
.2
<
10
49
13
.4
34
.8
82
.3
88
.3
89
.9
92
91
.6
95
.3
H
2-
22
W
4.
62
1.
89
0.
3
35
0
<
8
<
12
<
16
31
.4
30
.3
66
.3
31
.6
<
14
37
.9
<
23
53
.5
<
10
28
<
9
27
.5
43
.8
89
.3
87
.5
91
.1
89
.7
92
.9
H
2-
23
W
7.
23
3.
38
0.
5
42
8
<
8
<
12
<
16
25
.8
41
.6
60
53
.1
<
14
39
.5
<
23
74
.6
<
10
36
.3
<
9
34
.8
62
.3
91
.2
89
92
.3
91
.4
94
.9
H
2-
24
P
8.
06
2.
45
0.
4
37
7
<
8
<
12
<
16
31
.9
39
.8
48
.4
41
.2
<
14
33
.7
<
23
66
.5
<
10
30
.3
<
9
32
.4
53
.2
86
.5
84
.9
87
.7
87
.7
88
.8
 P A H
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So
il 
Sa
m
pl
e
Ch
em
ic
al
 A
na
ly
si
s 
D
at
a
Sample
C1
-0
1W
C1
-0
2P
C1
-0
3W
C1
-0
4P
C1
-0
5W
C1
-0
6P
C1
-0
7W
C1
-0
8P
C1
-0
9W
C1
-1
0P
C1
-1
1W
C1
-1
2P
C1
-1
3W
C1
-1
4P
C1
-1
5W
C1
-1
6P
C1
-1
7W
C1
-1
8P
C1
-1
9P
C1
-2
0W
C1
-2
1W
C1
-2
2P
C1
-2
3W
C1
-2
4P
C2
-0
1W
C2
-0
2P
C2
-0
3W
C2
-0
4P
C2
-0
5P
C2
-0
6W
C2
-0
7W
C2
-0
8P
C2
-0
9W
C2
-1
0P
C2
-1
1W
C2
-1
2P
C2
-1
3W
C2
-1
4P
C2
-1
5W
C2
-1
6P
C2
-1
7W
C2
-1
8P
C2
-1
9W
C2
-2
0P
C2
-2
1W
C2
-2
2P
C2
-2
3W
C2
-2
4P
m
g/
kg
m
g/
kg
m
g/
kg
m
g/
kg
m
g/
kg
m
g/
kg
m
g/
kg
m
g/
kg
m
g/
kg
m
g/
kg
m
g/
kg
m
g/
kg
m
g/
kg
<
1
17
.7
54
0.
47
7
0.
42
7
32
.2
19
.1
73
.9
0.
14
8
25
.2
1.
57
34
.6
70
.3
<
1
3.
24
52
.6
0.
71
5
0.
37
5
31
.4
20
.4
22
.2
<
0.
14
34
.3
<
1
27
.5
72
.6
<
1
9.
23
43
0.
58
1
0.
43
8
35
.6
18
.3
42
.6
<
0.
14
30
.4
1.
38
34
.2
76
.4
<
1
8.
15
94
.7
0.
78
1
0.
51
5
36
.9
17
.6
33
.8
<
0.
14
33
.2
1.
06
37
92
1.
15
14
.1
75
.8
0.
40
4
0.
6
23
.3
11
.2
57
.2
<
0.
14
18
.3
1.
36
28
.3
62
.3
<
1
7.
02
72
.3
0.
53
2
0.
52
1
31
13
.2
22
.8
0.
15
2
23
.5
1.
11
44
.9
80
.5
<
1
13
.3
69
0.
51
8
0.
48
8
25
.8
9.
88
48
.2
<
0.
14
24
.9
1.
49
38
.6
56
.8
<
1
6.
44
77
.1
0.
52
6
0.
5
29
.6
5.
88
24
.1
<
0.
14
24
.6
1.
57
39
58
.9
<
1
3.
31
10
0
0.
58
3
0.
57
2
12
12
.9
32
.8
<
0.
14
11
<
1
39
.9
97
.8
<
1
5.
65
65
0.
27
0.
47
16
.7
8.
76
25
.9
<
0.
14
9.
01
1.
07
41
55
.2
<
1
9.
54
47
.9
0.
61
9
0.
53
9
29
.9
18
39
.5
<
0.
14
30
.9
1.
44
30
.5
82
<
1
9.
57
65
.3
0.
75
2
0.
65
7
31
.4
20
.2
25
.7
<
0.
14
35
.4
1.
73
35
.1
82
.2
1.
23
8.
93
65
0.
85
5
0.
40
2
31
.1
21
.8
43
.8
<
0.
14
43
.6
1.
49
30
.9
12
3
<
1
7.
5
10
0
0.
85
0.
31
3
31
.7
18
.7
32
.8
<
0.
14
39
<
1
31
.2
85
.7
<
1
11
.3
37
.9
0.
44
8
0.
14
6
35
.6
16
.2
36
<
0.
14
28
.1
1.
37
35
.1
71
.1
<
1
7.
94
72
.6
0.
66
2
0.
27
7
40
.1
14
.2
18
.9
<
0.
14
31
.7
1.
28
42
.1
80
.2
<
1
10
.3
41
.4
0.
69
7
0.
20
2
40
.5
20
.2
41
.5
<
0.
14
35
.9
1.
8
37
.3
97
<
1
8.
17
73
.6
0.
80
4
0.
29
4
42
.5
21
.8
29
.4
<
0.
14
37
.7
1.
05
40
.3
10
9
<
1
7.
74
55
.6
0.
61
8
0.
29
5
38
.8
12
23
.4
<
0.
14
29
.6
1.
37
46
.2
95
.5
<
1
6.
28
37
.6
0.
47
4
0.
20
7
32
.6
7.
83
29
.6
<
0.
14
19
1.
75
39
.5
73
.1
<
1
11
.6
57
.1
0.
51
3
0.
20
5
30
.9
21
10
2
<
0.
14
26
.8
1.
34
30
.7
71
.4
<
1
12
.4
97
.9
0.
83
1
0.
36
7
43
.4
17
.2
40
.5
<
0.
14
29
1.
54
50
.7
92
.9
<
1
8.
63
29
.6
0.
60
4
0.
57
4
30
.5
17
56
.2
<
0.
14
26
.8
1.
09
29
.2
89
.8
<
1
8.
83
69
.1
0.
71
5
0.
71
8
46
.4
21
.4
38
.4
<
0.
14
31
.8
1.
6
59
10
3
<
1
11
29
7
0.
27
7
1.
03
19
.3
73
.7
37
.9
<
0.
14
10
.1
1.
19
49
.9
47
.7
<
1
7.
36
38
3
0.
37
4
0.
84
5
30
68
.9
25
.5
<
0.
14
9.
68
1.
22
64
46
.4
1
12
.3
60
.9
0.
35
2
1.
2
31
.8
11
.7
86
.8
<
0.
14
15
.5
1.
61
39
.1
76
.8
<
1
9.
43
64
.1
1.
11
1.
52
32
.4
13
.5
24
.6
<
0.
14
25
.4
<
1
33
.1
86
<
1
9.
4
11
5
0.
52
1.
09
20
.8
12
33
.5
<
0.
14
18
.3
1.
19
30
68
.1
<
1
10
.8
91
.4
0.
57
3
0.
92
4
22
.6
18
.8
36
.4
<
0.
14
21
.1
1.
02
26
.6
63
.5
<
1
10
.2
79
.1
0.
43
5
1.
67
74
.6
23
.9
41
.9
<
0.
14
48
.4
1.
41
12
2
99
.2
<
1
9.
04
85
.7
0.
52
3
1.
12
27
.8
17
.1
27
.9
<
0.
14
17
.5
1.
45
43
.8
94
.7
<
1
14
.7
52
.2
0.
45
3
1.
03
26
.6
8.
1
46
.1
<
0.
14
14
.4
1.
68
43
.2
59
.2
<
1
12
.1
98
.7
0.
90
7
1.
37
29
.1
8.
25
32
.1
<
0.
14
13
.7
1.
55
53
.6
79
.3
<
1
9.
89
13
3
0.
58
5
1.
14
23
.4
11
.9
45
<
0.
14
17
.8
1.
07
36
.4
66
.3
<
1
8.
61
88
.1
0.
65
4
1.
22
30
.4
12
.9
32
.5
<
0.
14
16
.5
1.
25
48
.8
86
.1
<
1
11
88
0.
90
9
1.
2
38
.1
15
.7
51
.1
<
0.
14
22
.2
1.
65
46
.6
11
2
<
1
8.
14
98
.3
0.
73
1
1.
23
22
.1
16
.7
39
.3
<
0.
14
14
1.
1
29
.4
94
.3
<
1
10
.8
17
5
0.
66
1
1.
08
24
.7
17
.1
76
<
0.
14
18
.8
1.
26
28
.2
75
.8
<
1
7.
79
19
2
0.
87
6
1.
91
22
.7
19
.6
67
.5
<
0.
14
25
.1
<
1
23
.3
18
7
<
1
9.
59
79
0.
55
5
1.
15
19
.2
9.
04
46
.1
<
0.
14
11
.9
1.
18
29
.4
55
.8
<
1
9.
61
11
5
0.
40
7
1.
11
21
.9
18
.5
36
.9
<
0.
14
18
.1
1.
46
33
.5
96
.3
<
1
10
.8
11
4
0.
69
9
0.
07
24
.8
12
.2
66
.8
<
0.
14
21
1.
79
33
.4
12
0
<
1
11
.8
17
3
0.
80
3
0.
35
9
27
.3
21
.4
95
.5
<
0.
14
23
1.
25
35
.1
16
7
<
1
19
.5
69
.1
0.
52
4
0.
15
2
22
.3
21
.9
99
.1
<
0.
14
29
.3
<
1
24
.7
12
3
<
1
15
.5
85
0.
77
8
0.
26
9
25
.8
24
.2
85
.6
<
0.
14
26
.6
1.
26
28
.8
15
2
<
1
9.
6
53
7
0.
46
1
<
0.
02
20
.9
7.
29
79
.2
<
0.
14
13
.1
1.
18
33
66
.4
<
1
13
.1
98
6
1.
24
0.
38
2
27
.1
17
21
0
<
0.
14
18
.1
1.
24
46
.2
23
4
Cadmium
Boron, water soluble
Arsenic
Barium
Beryllium
Chromium
Copper
Lead
Mercury
Nickel
Selenium
Vanadium
Zinc
C L E A  M E T A L S
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So
il 
Sa
m
pl
e
Ch
em
ic
al
 A
na
ly
si
s 
D
at
a
Sample
H
1-
01
W
H
1-
02
P
H
1-
03
W
H
1-
04
P
H
1-
05
W
H
1-
06
P
H
1-
07
W
H
1-
08
P
H
1-
09
W
H
1-
10
P
H
1-
11
W
H
1-
12
P
H
1-
13
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